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Abstract

Surface modifications with nanoparticles are major concerise realization of the full
potential of nanoscale devicegsurrently, no single surface treatment technology can solve all
problems of reliability Further, precise control © nanoparticle coatings is still lacking.
Therefore, the goal of this reselamvasto obtaina fundamental understanding thie way in
which the surface chemistry and deposition conditions of the nanoparticles affect the films
achieved With such an improved understandingwill be possible to achievevell-controlled

nanoparticlecoatings withthe propertiesdesired

Various sefassembled monolayers have been deposited in liquid phase onto substrates
prior to nanoparticle deposition tmmbinethe SAM and GXL technologies by providing both a
low energy surface and a rough nantipke coating. SeHassembled monolaygare synthesized
on Si substrates and characterizgéecausdilm growth is dfected by the critical surface tension
of the SAMs,it alternatesbetween layeby-layer deposition and agglomeration formation,
which al® changse the surface roughness. On the other hand, the surface chemistry of the
AuNPs, which is affected by stabilizing ligands on the nanopatrticles, also has some effect on
film deposition. By usinga combination of dodecanethistabilized AuNPs and ARIs-coated
Si substrates, it has been confirmed that the nanoparticle diépgsitedfollow the Stranski
Krastanov mechanism. Tlehanges irmorphology induced by the concentration of nanoparticle
solution emphasize the importance of thenberof nanopaitles involvedin film deposition

anddemonstrat¢he potentialto achievebetter controbf thefilms formed



A calculation based otne GW modelwasapplied to the surface topographies from AFM
data presented as a quantitative assessment mé&haedmpae various coatings.Varied
concentratios of the initial nanoparticle solution helpisualize the growth processand
demonstrate that ahangein concentration has a major effect on the loagge roughness
parameterssuch as theootmeansquare (ms) surface roughness and standard deviation of
summit height distribution. Average size of nanoparticles affects -smoge roughness
parametersincludingautocorrelation length and roughness exponents. The size variation of the
nanoparticlesacilitates beter control of several important surface parametergch as the ratio
of true to apparent contact areehich is critical in minimizing adhesion and friction in real

applications.

By using sizevaried iron oxide nanoparticlesnd a GXL deposition technoby, the
surfaces of MEMS devices can be coatetdformly with these nanoparticles. Based on the
experimental results and theoretical calculations,inibeease in plane separatioeducedthe
retarded van der Waals interaction, diminishing the contribuifdhe non-contacting portionn
adhesion. On the other hand, normal van der Waals interactions between contacting asperities
wereaffected bythe combination of average summit density and summit radius, which plays the
dominant rolan adhesion. Changen these parametemfluencethe total effects of normal and

retarded van der Waals interactions between contacting asperities, leading ¢dl aelthasion.

The size effect of the nanoparticles on teducedadhesion still exist however the
contributon of adhesion nowderives primarilyfrom the van der Waals interaction between
nanoparticle monolayers. Based on the experimental results and theoretical calculations, the

surface coveragecreasess the initial concentrationcreaseswhile the surfae film growthis



limited atthe submonolayer levelthis leads to an increase the apparent work of adhesion,
which derivesfrom thegreater area ahteracton when two surfaces ane closeproximity. This
proves that under different surface topodpiapl conditions, reduction @hetotal contact area is

essentiato reduceadhesion whilechievingsufficient longrange roughness.

Attempts also have been made watt MEMS devices with gold nanorodsa GXL
deposition technology. Howeverather thanthe uniform nanocoatings obtained with
nanoparticles, only isolated aggregates exist on the surface. Test resuled shaivgold
nanorods cannot be depositedll as uniform films on various substrates déineexpected good
reductionin adhesion cannotebachieved. To understand this efféather, a total interaction
energy model to correlate the solwigand interaction with the maximum size of a ligand
stabilized nanoparticle that can be dispersed within a given solvent systemtroduced to
simuate the interactions between various nanoshapé® results indicaté that larger
nanoshapes become unstable more easily when the padieet and particlparticle
interaction are affected. For gold nanoroalsjdeto-side (SS) configuration is meifavorable
when the nanorods become unstadhel precipitate from the solution, leading to aggregation
evenin avery dilute concentration. Therefoligejs still possibé tocoat nanoshapebut a better

design based on the surface chemistry of the marmbsress required

VPD-based durable superhydrophobic nanopatrticle coatirgsre obtainedand applied
to actual boardsandthe fundamental material characterizations for an optimal target structure
and morphologywere developed. Because different ajplication environments emphasize

corresponding film properties, VR&pated substratesere characterizedoy their durability,



waterresistance, electricadnd thermal propertiesand otherfunctionsbased onc ust omer s 0

requirements.

The coatingswere subjected to awater erosion testo determine thedurability of
superhydrophobicity. The results shemhthat our coatingffered good protection against water
erosion. The mechaniswif superhydrophobicityoccurs througtthe transition froma Cassie
Baxter toa Wenzel stateThe increasd spacing on the surfacesultedin decreasa surface

roughness and density of structures with peak height.

Seltassembly monolayeraere applied to our coatings tenable them towithstand
higher temperatures. Samplegre heded in eithera furnace orby TGA and corresponding
results were used to analyzeheir heat stability. The application of SAMs incredsthe
temperaturat whichthe film beganto fail andthe contact angle value drppd The differences
between furnace a@nTGA resultswere attributable tdhe desorption mechanism of monolayers.
XPS results of DDM&oated substrate before and after heat treatmentestibat the thermal
decomposition of DDMS coatinglerives from the oxidation ofthe methyl chain and the
conversion from silane to Sidike structures. Quantitative analyshowedthat polymerized
DDMS, or PDMS oligomer, may exist on the surfacea@dugh commercial substrate aodn
contributeto the stable silane structures. This explainsdifference inthermal stabilityof the
DDMS-coated Si substrate and the commercial nanocomposite substrate. The rough morphology

of the substrate plays an important role and chalcepotentialin future applications.

VPD nanoparticle coatingaere applied to electridboards and tested under water to

ersure that they are applicable time commercial market. One of the main problemsactual



devices is electromigration, whiaerivesfrom themigration ofmetal iors in solution andhe
reduction of ios into metal depaion. The superhydrophobic coating plays an important role
hereby prevening water fromcontactingthe metal wiredirectly, which reducs the hydrolysis
and solvation of metal i@ninto solution. Another possibility is that some of the VPD
nanoparticle dyers dissolve into the solution and fomretal hydroxides integrated with the

dendrites, making the dendrite bridge less conductive and reducing the ttawent

Overall, the work presentedhere demonstratedthe possibility thatthe surface
morphology of GXL-deposited nanoparticlefilms can be controlled during synthesis by
changingthe surface chemistry of the nanoparticles or substragsusing VPD, durable
superhydrophobic nanoparticle coatings can be applied to commercial devices and their chemical
and physical properties specifiethis work has thepotentialto make nanoparticle coatings

more attractiveor realistic applications and market consumers

Vi
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Chapter 1

Introduction

1.1 Surface andribology

1.1.1Chemistry of surface

Sciencetoday is concerned withdeterminingthe structures of mattesuch assolids
liquids and gasedn the chemical industry and technolaggnd natural biological phenomena,
we needa muchmorecomprehensivicture ofthe structures imolved inall typesof processes.
It has been accepted widely that whessearchergddeal with various types of matter, the
moleculespositionedat the interfaces of the material may behave differetitign thosean the

bulk. Thisconcept hated to a new research arearface chemistry.

The wayin which the molecules near or at the interface interact with each déneres
from intramolecular forces hus all reactionghatoccur near any interface will depend on these
molecular orientations and interactions. Furtheend has been found that for dense matter, the
forcesthat dominate the molecular structure are of primary importance. Within the bulk, the
primary effect of the interacting forces is to provide a uniform potential so that the molecules
remainin a relaively stable environment. However, the molecules at the intediscsubject to
an asymmetrical force field, which gives rise tecstled surface tension or interfacial tension

(Birdi, 2013)



Because othemo | e c mdvemmend, the force acting on thewill vary according to
time and location. Theloserthe molecule is to the surface, the greaterasymmetricforce
This kind of asymmetry plays a very important rolenus, when the surface area ofoam of
matter changs, some molecules must mow®m the interior of the continuous phase to the

interface this isthe source othe surface tensioffrigure 1.1).

Surface Molecules

Figure 1.1 Molecules in the bulk liquid (dark) and on the surface (ligimdi, 2013.

Surfacetension is defined as the differentialaciye of free energgssociatedvith a
changein surface area. An increase in surface area requires moléoutesve from the bulk
phase to the surface area. This prot¢ekss placdor all kinds of surfaces, but it is very typical
and of great importanda liquids, in which it is also called interfacial tensionliguid molecule
attracts the molecules that surround it and is attracted by them. For the molettutea liquid,
all these forces result in a neutral environmenwhich all are in equilibium during their
interacton with each other. When these molecules move to the sutti@ceolecules in the bulk

below, but not from the outsidattractthem The result is a forcéirectedinto the liquid.



Moreover, the cohesion among the molecules pdigs a force tangential to the surface.
Therefore afluid surfaceacts like amembrane thakeepsthe liquid below the surfacstable

The surface tensiandicakes theforcewith which the surface molecules attract each other.

Surface energy is very iportant because it leads tertain macroscopic phenomena,
such ashydrophobicity and hydrophilicityFigure 1.2 shows the contact angle of a water droplet
on both hydrophobic and hydrophilic substratelgdrophobicity isdefined as the physical
property & a molecule that is repelldny water moleculeswhile hydrophilicity is defined as the
tendency of a moleculéo be attracted tother water moleculesThese terms describe the

apparensttraction orepulsion between water and nonpolar substances.

Liquid
T ¢ =
Liquid
Hydrophobic Hydrophilic
Substrate Substrate

Figure 1.2 Contact angle of a water droplet on hydrophobic and hydrophilic substrates

The hydrophobicity of a surfaces related directly to the interfacial surface engrg

foll owing Young®ostalglf90;donisetm2008kd a ms o n

ac os &-925. O 1.1)



In Equationl.l, isdhe contact angle of the fluid on the surfakés the liquid surface
energy 9s is the solid surface energy, angl is the interfacial energy betweeet solid and
liquid. P h y s i eLaslthe gnergyarequired to pull the two surfaapartto create two distinct

surfaces

Based onEquation 1.1, when the solid surface energy is higher than the 4igjicid
interfacial energy £> su), the contact arlg will be less than 90and the solid surface gaid to
be hydrophilic. In contrast, if the solid surface energy is lower than the $iglicd interfacial
ener gy s the surface othe solidbecomes hydrophilicin the case of silicoibased
surfaces, thesurface energy is extremely highdyieldsa very hydrophilic surfacd-or the sel
assemldd layercoated silicon-based surface, the surfageergycan be so low that the contact
anglewith thewater will exceedl5C°, which yields a very hydghobic surface usually defined
as superhydrophobicity. Superhydrophobic surfaces play a vital role in many applications.
Therefore, an effective way to control the hydrophobicity is to control the surface energy by

changing the surfacesither chemicallyr physically.

1.1.2 Tribology

The word tribology is der iwhighdneahsi o mb th ihreg dGr
Literally, tribologyr ef et et ® c i e n c. dribaofyy isr aoceptenvidalydodayas a
research arethat includesadhesionfriction, wear, lubrication and other topics Tribology is
definedscientificallyas the science and technology of interacting surfaces in relative naation

of related subjects and practicéthenomena and processes relatedribmlogy are of great



economic gnificance Surfaceinteractionsn a tribological interface areery complex,anda
betterunderstandingf tribology requires knowledge ofarious disciplines, including physics,

chemistry, fluidmechanics, thermodynamicaaterialscienceand so or{Jost, 2006).

The purpose of research in tribologytesminimize, andif possible,eliminae thelosses
that result from friction and wean all levels of technologyn which complex interaction®f
surfaces are involved. Current esearch in tribology lead to higher efficiency, better

performanceand significant savings.

1.1.2.1 Adhesion

When two solid surfaces are in contact, adhesion or bonding across the interface will
occur, which requiresa finite normal forceadhesive forceto pull the two solidsapart(Figure
1.3). Adhesion and cohesi@redistinct phenomenaCohesiorrefers tothe buk bonding forces
within a material. Ths cohesionderivesfrom the forces that exist within the bulk of the
materialand bond one atonor moleculeto another.However, when two similar or different
materials are brought together and steady contact with an intexfaces the bonding of the

surface of one solid to that of another resimsseadn the formation of adhesive bonds.

Adhesion occurs in either solsblid or solidliquid contacts If all of the chemical
contaminants are removed framo solid surfacesand they arekept cleanstrong adhesion or
bondinggenerally occurs between the twlurface contaminants or thin films reduce adhesion;

however, in eme cases, the opposite may be true.
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Figure 1.3 Normal pull or separation of two solid bodies; W is the load force applied for a

certain dur at rcenedadriodsepwdle surkacefBhusharf, 2002)

Adhesion can be either desirable wrdesirable, depending on the actual application.
Strong adhesion is essential to bond two surfaces togddogvever, n many engineering
applicationssuch as machinery systems with sntalnponentsadhesion is highly undesirable

because itesults infriction and wearTherefore controlled adhesiotypically is required.

1.1.2.2 Friction

Friction is the resistance to motiavhen a solid body slides or rolls over another with
which it is in contactThe resistivdorcethatacts in direct opposdn to the direction of motion

is calledthe friction force



Friction is not a intrinsic property of amaterial, but isinsteada response to applied
force. If two solid surfaces areee of chemical contaminants, high friction occurs. Surface
contaminants othin films affect friction in a similar ways adhesion. With wellubricated
surfaces, weak adhesion and friction can be achieved. However, a small quantity of liquid
present at the interface results in ligondiated adhesion, which mayoducehigh friction,

especially between two smooth surfaces.

Like adhesion, friction forces can be eitlemsentialor undesirable Without friction, it
would be impossible to walk, drive onraadway,or pick up objects. Even in some machine
applicationssuch as velsie brakes, frictioomust bemaximized. However, fomanysliding and
rotating components, friction is undesirable. Friction causes energy loss and Weamoting

surfaces in contact. In these caseis, mandatory taninimize friction (Bhushan, 2002)

1.1.2.3 Stiction

When solids are loaded together and a force is applied, then the value of the repulsive
force required to initiate motion is the static friction force. If the fagpliedis lower than this
value, the solids will not move. This kind setatic friction is definedsometimesas stiction
Usually it refers to unintentional and undesirable adhesion of compliant structiihesurrent
micromachiningindustry, becauseat is a significant phenomenon fersystem running athe

micro or nanscale



Becausemicrosystem structures have lateral dimensions that rigpgelly from 50500
pm and thicknesses thednge typicallyfrom 0.1:10 pum, they havevery large surfaceareato-
volume ratios, which increagbe influence ofinterfacial forces ortheir tribologicalbehavior
significantly. In particulay the interfacial forces experienced by the surfaces rafcrodevice,
the microstructure®f which have hydrophilic surfaces, are several oragrmagnitude greater
than the forces required to bgiand keeghem in contactEssentially the interfacial forces that
exist on the scale of these small devirserelativdy significant The nature othesestructures
and thesmall internal forces that typicallgre generated by most devicaesakethe suifacesof
nanostructuregxtremely susceptible to stiction. Sticti@ecursin two situations during the
release procedure, which is cldis=il asrelease stiction,ra after it, which is clasfied as inuse
stiction (Maboudian et al 1997; Friedrich eal., 2009).Figure 1.4 shows some typical lateral

and vertical stiction on cantilevers.

Figurel.4. Example of lateral and vertical stiction on cantileétgang et al 2012)

Practically, most microand nandevices are susceptible to either releasedér inuse
stiction, which can be reduced by modifying thetructural stiffness, interfacial topography, and

surface chemistry. There have been many major approdohgsevent stiction in devices,



including the use of rough surfaces hydrophobic sudces, deposition of an asiiction

coating and design of strong structur@tuang et al 2012)

1.1.2.4 Wear

Wear is a phenomenon associated wiilfaces thatub orexperiencempact that can be
a concern with sliding parts. Wear is defined as #maoval of material from a solid surface
throughmechanical actioffHuang et al 2012) Figure 1.5 shows severe wear on a pad. Based
on the mechanism, wear chaveseveral main causes: adl@siabrasion corroson, surface
fatigue, erosion and percussjand electricainduced(Bhushan, 2002)Becausethere are so
many wear mechanisms, one or more rafigcta particular piece of machinery. In many cases,
wear is initiated by one mechanism atin may proceedo another, which makegailure
analysismore complicated. The types of wear mechasisesponsible for actual failureannot

be determined until the surfaces are examaazdfully.



Figure 1.5. Severe wear on a friction p#tatcaused device failurfgiuang et al 2012)

1.2 Nanoparticle films

1.2.1 Nanoparticles

1.2.1.1 Anintroduction to nanoparticles

The application of nanoscalearticles and structuresis an emergingaspect of
nanoscience and nanotechnologdanoparticlesusually refer to thosewith a diameterthat
rangesfrom 1 to D0 nanometersAppropriate control of the properties of nanomeseale
structureswill lead tonovel scientific discoveriesas well as new devices and technologies.
Feynmanindicated he importance of nanotechnologg early as 1959 in higidely citedpaper

entitled fiThere is plenty of room at the bottom ( F e y n m&imce thdn@nd particularly
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in the last several decades, nanoscience and techridegyitnessedexplosive growthThese
fields aremotivated bythe gplicationof new strategies fothe synthesis ohanomaterials and

new toolsneeded to characterize thémdetail.

Why are nanoparticles so important and attractiMe@key is size effects whichare the
most importanfeatureof suchmaterials. Theesize effects arassociated witlthe evolution of
structural, thermodynamic, electrongpectroscopic, electromagnetand chemical features of
varying systemsTlhe sze effectsof nanoparticlegan be classified into two types, omatedto
individual size effectssuch aghe numbe of atoms in metal clusteendquantum mechanical
effects at smallles while the other ieludesscalingeffects thatare applicable torelatively
larger nanostructuresncluding nanoaggregates and naassembly layerdn the formercase,
new featues appear in the electronic structur&he electronic structures®f metal and
semiconductor nanocrystalgfer from those of bulk materia{®ao et al 2002. In addition,the
energy gap between nanostructures dedeiffective percentage of surface asarhangs with
particle diameter, which changehe bulk properties. Figre 1.6 showsan examplethe size

dependence of the melting temperature of CdS nanocrystals.
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Figure1.6. Size dependence of the melting temperature of CdS nanocrislialisatos, 1996).

Research on nanoparticles is vital and offemsormous opportunities. It is an
interdisciplinarytopic thatinvolves chemistry, physics, biology, materjaad relatechspects of
engineering. Ctaborativework on nanoparticleamongst scientists Wi different backgrounds
definitely will create new scidific fields, and in particularnew materialghat offersurprising
technological possibilities. What is noteworthy is that nanotechnology is likddgrtefitfrom
not only the electronics industrput also the chemicahdustry, as well as medicine and
healthcareNanarticles may providevaysto solveenvironmentahnd sociathallengeselated
to suchappliedresearch topics as solar energatalysishbiomedicing andwastavater treatment

amamg others
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1.2.1.2 Synthesis ohanoparticles

Conventionally, anoparticlesc an be prepared by both Atop
processe¢Zhao et al 2013) InAit op downo pr oc metalis woken doantb ul k s
generatenanoparticlesat the scaks desired In this casea pattern or matrix controlgarticle
assembly and for mat i @methodHolimieedndats gbilityt tdicentraitheo p d o w
size and shape of particless wellas theirfurther function I n contrast, i n t
strategy, theformation of nanoparticlesoriginates fom individual moleculesandinvolves a
chemical or biological reactiomhis methodusuallyincludestwo steps: nucleation folloed by
particle growth. When nucleation and growth are complatethe sme process, it is called
situ synthesis; otherwisdt is referred to as theseedgrowth method.The focus m in situ
synthesiss the preparation of spherical or quasgphericalnanoparticlesin contrastthe seed

growth methodtan generataanoparttlesof various sizes and shapes.

In general, the preparation of nanoparticles by chemical reducti@stoonftwo major
steps reduction using agents such as borohydrides, aminoboranes, hydrazideso on,
stabilizing agents such as trisodium ciratihydrate, sulfur ligands polymemnd surfactast
(cetyltrimethylammonium bromida particulaj. Nanoparticles synthesized situ alsocan be

used for seegrowth or further functionalizatiozhao et al 2013).

For exampleFaradayfirst repored the synthesis of gold nanoparticles (AuNP) in 1857,
wherehe usedhe reduction of a tetrachloroaurate solution by phosphorus in carbon disulfide (a
biphasic reaction)During the second half of the ®@entury,the preparation of nanoparticles

with contrdled sizes and shapes ldrswnincreased attentiofRao et al 2004)
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Figure 1.7. Mechanism fororganachalcogenat@rotected metal NP synthesis by the Brust

Schiffrin methodZhao et al 2013).

Other scientists have achievededékthroughs with diffemt reducing agents. Ithe
1980sme t a l clusters and quantum dots were used.
and stabilization of nanoparticldsas beenachievedby many sophisticatedout convenient
methods. Figre 1.7 shows a typical metalamoparticle synthesis methothe BrustSchiffrin
method(Zhao et al 2013).During the last decad@any novel synthesis methods, especially

seedgrowth synthesis, have led &ovariety ofapplications.

Syntheszing nanoparticlesthrough chemical or biabgical reactionsuses various
solvents, such as water or organic solsemdll of which have certainadvantages and

disadvantages

The waterbased synthesis method usuallyreferred to as environmentally friendly

synt hesi s or figr eaegood sotvgnnfor a ausnbes of madahipas well ass
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many capping agents. The procedure includes preparation of an aqueous salt solution followed
by reduction of the metal ions in a single stapd thususuallyis considered a simpler protocol.

After syrthesis, the nanoparticles can be dispersably in water without further post
processing, which makes it easy for biological applicatinrconjugation with DNA, enzymes

and proteins. Howevehecause ofhe ionic environmendf a water solution, theancentration

of nanoparticles is limited by ionic interactions in the aqueous plesn at very dilute
concentrationsFurther those nanoparticles do not assenggentaneouslynto a closepacked
arrangementvith solvent evaporation. This limitgs application to otherfields, such asthe

semiconductor industrfCliffel et al.,, 2000; Shon et al2001).

In contrast organic solvenbased synthesigrovides ahigh degree of control. It may be
exercised ovethe monodispersity andanoparticle sizand ciemical nature of theanoparticle
surface area via capping with different ageimtsludingterminally functionalized thiols, amings
and so onThe nanoparticles assemtdpontaneouslynto closepacked, hexagonal monolayers
upon solvent evaporatiofherefore, the bulk properties ofhe nanoparticle assembly may be
controlled by changing the interparticle separation via capping with different ligdod®ver,
it is also clear that this process involves orgasidvents thatcould pose a risk to the

environmenf especially in industrial process(Rao et al 2002).

In the synthesis of gold nanoparticlexttb methods have specific advantages and
disadvantages. Depending on the particular application of the nanoparticles, the ideal agndition
to combinetwo methods and maximize their advantages. This magctemplishedy a process
called phase transfer. This process trasgfeld nanoparticles synthesized in one medium, either

water or organic solvent, to another medidigure 1.8 shows an example ghase transfer of
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Pt nanoparticlesThe ability to movenanoparticles across liquid interfacdso makeit possible
to probe certain applicationSor example, variation in the optical properties of tla@oparticle

solution is an attractive feature iiasetransfer protocol§Underwood et al 1994)
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Figure 1.8 lllustration of the mechanism of tihase transfesf CMC-stabilized Pt nanopatrticles

from the aqueousolution to thehexanephase(Liu et al, 20074).

Chemical Vapor Deposition (CVD)is a \ery mature technology. Howeverne have
achieved an wdepth understanding of the process and developed increasing applications of CVD
to nanoparticle synthesanly in the past 40 years. CVidDvolves the dissociation or chemical
reactions of gaseous reawcts in an activated environment, followed by the formation of a stable
solid product. This process includes homogeneous gas pbastons that occur in the gas
phaseor heterogeneous chemigaklctions thabccur near the local area of certain suréeaed
lead to the formation of powders or filmBhe CVD process has been usedlely to produce

ultrafinemetalpowder materialg-igure 1.9 shows a typicaschematiof the CVD process
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Figure 1.9. A typical schematiof the CVD procesgChoy, 2003.

Typically, CVD is a complex chemical system, but it is still usadely becausdt has
certain unique advantagds.can produceéhighly densepure materialsand uniform films with
good reproducibility at reasonabihygh deposition rate<CVD is asystematigprocessandcan
be used to coat complex shaped componaemfermly and deposit filmsaccording tandustrial
standardslt alsohas the ability to control crystal structure, surfag@phology,and orientation

of the products by controlling the procgesameters.

1.2.2 Nanoparticle-depositedfilms

To usenanoparticlesn actual applicationst is necessary tmtegratethem into bulk
materials. Duringhe pasteveral decadesicreasedinderstandingf nanoparticles haed
scientistdo focuson speific films and coatings based on assemblies of nanoparticles. These

new material@re designed to makese of nanoparticlesn themacroscale. One fascinating
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attempt is to bring nanoparticlego proximity at distances where they can interact with one

another without aggregating.

1.2.2.1 Nangarticle depositiontechnology GXL and CVD

There have been mamgports of major methodsto produce nanoparticledeposited
structuresThese includéinker-assisted synthesis whicha molecule is introduced beden the
nanoparticles and kept in the final filttye templateassisted methodh) whichthe nanoparticles
areforced to form certain structures and the temgkatemoved at the end of the synthesisd
direct deposition of nanoparticles, which the nteraction between the nanoparticles and the
surface helps organize the nanoparticle asseilfNdypuze, 2013)Figure 1.10 shows a typical
nanoparticle coating method: Langmuir laygrlayer depositionThese technologies can be
categorized in twavays post-deposition,in which the nanoparticles are synthesized before the
deposition process, ama-situ deposition,in which the nanoparticles are formed as soon as they

are depositedn certain assembly templates.
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Figure 1.10 Langmuiii Blodgett depositiorof monag, di-, or tri-layers of gold nanoparticles

(Neouze, 2013)

One special technology postdeposition is the GaBxpanded Liquid (GXL)Several
research groups have demonstrateeluse of gasexpanded liquids as another new choice of
solvent. Gasxpanded liquids are mixtures of compressible gases dissolved in an organic solvent
(Jessop et gl20079). WhenCO: (or other compressible gas) dissolves in an orgaoieent the
liquid volumeexpandsOr g a ni c abiliyltovdessolivesgasediffers considerably Certain
organic liquids, such as methanahd hexane, dissolve large amount ofCO, and expand
greatly. Figire1.11 ilustrates the volume expansion ehaxane by Cg showing thatvhenthe

pressuref compressed CQOs increased from 100 @00 psj the volume of fhexane expands to
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almost 200% of its original volum@& his expansiomausesioteworthychanges iralmostevery

physical property of theriginal solvent,includingdensity,solubility, and viscosity.
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Figure 1.11 Volume expagion coefficient of liquid rhexane with increasing GQpressure

(Anand et al 2005)

Many methods have been employed to prodaicepositionlayer of certainpolymers
ororganic and inorganioanoparticlesbased on technologies thasethe CQ expansionof a
solution, including precipitation with a compressed antisolvesupercritical antisolvent
precipitation and depressurization of nanoparticle solutionBecausetypical nanoparticle
processing methods are usually very sohsamsumingand time inénsive theuse of GXL as a
precipitation technology for nanoparticle solutions has recegredt attention over the last
severalyears. Several groups habeen ableto precipitate silver and gold nanoparticles in
fractions ofdifferent size in superctical ethane by tuning the density of the medium (Clarke et

al., 2001; Shah et al2002; Williamset al, 2009).
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The mechanism of GXL nanoparticle deposition can be described as folMdven an
organic dispersion of nanopatrticles is pressurized with, @@ CQ dissolves into the organic
phase and acts as an antisolvent. At low. @@ssures, the gatoes notdissolve wellin the
liquid solvent, but as the pressure increases, the solubility of the gas incsepsksantly,
allowing alarge amount ofCQO; to dissolve into the liquid phas&/hen the CQ becomes the
main portion of the mixture solventhe stabilization providetly the interaction betweethe
ligand tailsandthe solvent is reducedvhich causeshe nanoparticleso beginto precipitate
from the dispesion. By increasing thpressureof CO; slowly, nanoparticlezanbe precipitated
slowly from the dispersionto achieveuniform nanoparticle films.Figure 1.12 shows the
mechanism of nanoparticle precipitation in GXla make the final nanopicle film smooth,a
supercritical drying stagsust beintroducedthat removes the solvent and creates thin films of

good quality.
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Figure1.12 Mechanism of naoparticle precipitation in GX(Saunders, 2011a)

As mentioned inSection 1.2.12, CVD is a promising method forsimultaneous

nanoparticle film synthesis and coatiffpwever, conventional CVD technology still has some
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disadvantageslo increase the efficiency dhe process, the use of toxic, corrosiflemmable,

or explosive precursor chemisails inevitable, and the amount used is usually relatively high.
This may causepotential safety hazardi addition when complex reactions are required for
certain multicomponent nanoparticle systems, it is difficult to deposit such materesswvell-
controlled conditions as different precursors have different vaporization ratberefore to

overcome those problems, a deposition system with better conistbe used

Suntola inventedtomic Layer Deposition (ALD}o enable nanoparticle film deptien
with good uniformity and precise contrg{im et al, 2009).A typical ALD process consists of
four essential steps: precursor exposure, evacuation or purging of the precursors and unwanted
products from the chamber, exposure of the reactant spaosvacuation or purging of the
chamber. This proceduis illustrated inFigure 1.13. ALD is very similar to CVD, anth fact,
they follow the same mechanisiowever,the most important feature of ALD is the limitation
of precursor adsorption anithe sequential exposure of precursors and reactarte. ALD
reactionoccursin such away that it breaks the CVD reaction into hedactions, keeping the
precursor materials separate during the reacfitis results in the unique characteristics of

ALD.

Oneof the most significant advantages ALD is its excellent uniformityAs ALD is
based on selimited adsorption of the precursors, the amount of the reactant can be controlled
precisely This excellent characteristiof ALD has enabled theynthesisof nancscale particles
of exact size. Thickness and composition control is feasible at the atomic level as well. Thus,
ALD is not only a goodnethod ofsynthesisbut alsois an ideal deposition technique to form

thin nanoparticle flms and nanostructuretieie have been early repod§ multilayer film
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formation using ALD. The ability to construtttin films on thenanoscale is very importait

many applicationgKim et al, 2009)

Precursor o -
2K o X

A Cycle
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Figure 1.13 Schematic of the ALD procesgKim et al, 2009)

Another key feature of ALD isits ability to synthesize high quality nanoparticles and

depositthemat low temperaturg In conventional deposition technology, the temperature of the

reaction issometimesvery crucial,and may require high temperat@eBecausethe adsorbed

precursor molecules will react with reactants directly,lével of impuritiesand the amount of

unwanted chemicalluring the ALD processre expected to be low compared to conventional

method, even at low growth temperatures. Howevasmostprecursor molecugeare injected
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into the ALD system, a heating system for the precursor or substpateally is required. This
can be achievedasilyand modified during actual production. A>8k ALD using TMA and
water is a typical lovtemperature ALDprocessand can be conductezlen at a temperature
lower than 40°C (Groner et al 2004. Theresulting filmdepositedalsois very smooth (Figre

1.14).

Figure

1.14 AFM of an AbO3z ALD film with a thickness of 50nnGroner et al 2004)
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1.2.2.2GXL -depositednanoparticle films

After nanoparticles are deposited on surfaces, the morphology and tribology of the
original surfaces changeUsually nanoparticles are used to roughen the surfaces, although
contrasing situatiors exist. A smooth surface ifmghtes a high quality substrate, but it may
introduce other problems during applicatiolmgerfacial forces that exist between two relatively
smoothinterfaces could cause adhesion asiittion in all typesof devices. These interfacial
forces dependighly on the distance between surfaces, which makes applied force very sensitive
to surface contaminatigiDelRio et al, 200§. Thereforejt is essential to treat theurfaceof the

devices.

One of the most effective treatments emplayshemical modication approachhat
addresss adhesion and stictiosuccessfully and involves deposition of a thin molecular film
onto microstructure surfaces. The molecular dildeposited are referred to aslfassembled
monolayes (SAMs). During deposition, the precunsmoleculesattach themselvefirst to the
nanastructure surfaces and then align and orient with edbhbr, forming a thinfilm at the
molecular levelwith a degree of ordeffFigure 1.15) Typically, the molecules used to form
SAMs on surfaces have a polaead, which binds to the surfadeemically,and a norpolar tail

that pointsaway fromthe surface
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Figure1.15 Schematic of the SAM formation proces@Maboudian et al 2000.

However, SAM has its limitations.The SAM precursorsused most commonlare
silanes which produceoneHCI molecule wherthe Si-Cl bond is hydrolyzed. This coufabsea
hazard for any metal component in the device. Another limitatesivesfrom the sensitivity of
precursor polymerization to ambient moisture and water contientravhich are usually
difficult to control. Moreover, SAM technology does not change the surface roughgresgly,
and the interaction problem related to the distance between sunfagesns To go further,
attention hasfocused on assembhg and immohilizing nanoparticles onto solid surfaces
(Yamanoi et al] 2004; Yonezawa et .al200J), andfollowing this researclapproach drategies
have been developeabatallow nanoparticles to benmobilized Over the lasseveraldecads,
reportshave been pulghedaboutimmobilizing nanoparticles on surfaces, typically through

interactions between particles aB4Ms.

Our group has demonstrated that dispersed metallic nanoparticles can be precipitated

from a solution and deposited uniform, thin films via GXLs(McLeod et al, 2005; Liu et al
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2006. During this process, CQs introduced to inducdispersed nanoparticlés precipitae.
Following particle precipitation, the mixture lisoughtto the supercritical state to eliminate the
liquid-vapor interface before it is dried By using supercritical dryingnanoparticlecoated
samples can be recovered without experienaegyimental dewetting effectsThe coated
nanoparticle films reduce the real contact surface affegtively, andchange the chemical
consttuents of the contacting areas well When thistype of nanoparticle film is applied to
actual polysilicon microstructures, it has beown to achieve uniform nanoparticle coating
(Figure 1.16) andreduce theapparent adhesion eneryat occursordinarily due to dominant

interfacial surface forcg#urst et al, 2009.

Figure 1.16 SEM image of polysilicon cantilever beam tip (a) uncoated and (b) coated with

nanoparticlegHurst et al, 2009)
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1.2.2.3CVD-basednanoparticle coatings

The fabricatbn of nanoparticle coatings iamong the key requirementsn the
development of nanotechnology. Tonstructnanoparticle coatings b§VD, a way to confine
the dimensions othe nanostructured materials preparadst exist While CVD can be used in
variousaspects of nanofabrication, the combinatio€®D with other technologiesuch aghe

selfassembly process, crosslinkjragnd monolayer coatings particularly attractive.

In conventional nanoparticle deposition technology, metal nanoparticles must be
synthesized before¢hey are deposited onto certain surfacebBhe metal nanoparticleare
stablized with different ligands, which may have certain negative effentthe coated surface.

A novel vapor phase deposition (VPD) apparatus developed by Itéd@atface Technologies
(Menlo Park, CA, USA) has beamsedto solve such problemsThis VPD process includes
depositions of elemental metals, meatatides,and metal oxidesThe VPD reaction results in

conformal metallicthin film nanoparticle depos@nswith precise thickness control.

For example, A0z nanofilms have been usedwidely as protective coating for
microelectromechanical system (MEMS) devi¢Eggure 1.17, Hoivika et al, 2003. Another
example of environmental applicatiomsolves appling aTiO2 coating on glass using titanium
tetramethoxide andwater to remove deinococusgyeothermalis cellseffectively through

photocatalytic effectéKim et al, 2009.
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Figure1.17. SEM image showing the tip of a cantilever beam coated wi@:AHoivika et al,

2003).

When CVD/VPD technology is associated with oth@ocesss such as selissembld
monolayer formation, new applications can be achieved, such as superhydrophobic nanoparticle
coatings.This is becaus&/PD nanopatrticle films are partiadly favorable forthe growth ofa
wide variety of chemical absorbents. Currenthany companiesisesuch technologyo apply
waterresistant coatirggon commercial electronic deviceA.research group frorie University
of Colorado depositedn Al2Os nanoparticle film as a seed layer for the subsequent attachment
of hydrophobic chemicals. This deposition technicgsultedin a solid hydrophobic film with a

water contact angle of 108 £2Herrmann et al 20095.
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The superhydrophobic coatingepositedalso can be applied on biomaterialsLB of
aluminum oxide and zinc oxide onto natural cotton cellulose produces a transition from
hydrophilic to hydrophobic, then from hydrophobic back to hydropliigure 1.18L ee et al,

2012

(b)

Figure 1.18 Picturesof a water drop on a cotton ball (a) before and (b) afteDAALD process

(Lee et al, 2012)

1.3 Objectives ofthis work

Surface modifications with nanoparticles are major concerise realization of the full
potential of microdevices2revious attemptshave shown that wear and stiction can be decreased
and surface propertiesuch as hydrophobicitgan be improvedCurrently howeverno single
surface treatmenechnologycansdve all problems ofreliability at once Further,more precise
control of the nanoparticle coatings is still lackinbhereforethe goal of this researchasto

achievea fundamental understandingtbe way in whichthe surface chemistry and deposition
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conditions of the nanoparticles affect the filaxshieved On that lags, we can synthesize and

applywell-controllednanoparticle coatingsith the propertiedesiredio actual devices.

Becauseof o u r g mpreviopsOowrk on the deposition of nanoparticles GXL
technology and supercritical fluid drying, the use of depdsinoparticles as coatings has been
explored. However, the intentional deposition of particles diiterent kinds ofsurfaces andthe
controlof film formation arenew conce® Therefore, a number &indamental studidsasbeen
conducted Through theeffects ofthe critical surface tension of the SAMs, the film growth
alternatesbetween layeby-layer deposition and island formaticand change the surface
topographyas well The surfacetopographyof the deposited filmalso is influenced by the
concentration of the nanoparticle solution, the average sine size distribution ofthe
nanoparticlesand the nature of the nanoparticle surface chemistngrefore,an evaluation
model was applied to the surface topographies from AFM data as a quantiegsessment

method forthe coatingsobtained

After investigatimg plain Sisurface coatedwith films formed bynanoparticle of varying
sizes and concentrationg number ohanoshapesncluding larger nanoparticles and nanorods
wereappliedto MEMS devces viaour GXL deposition techniqud.ab-made MEMS chipsvere
fabricated andused to evaluatgerformance by the imaging techniqué phase shifting
interferometry.The effect of nanostructure shape on surface coverage, real ane@endthe
apparentwork of adhesionwas investigated.These tuning effectachievedbetter tribology

control and the theoreticahalysisof the contribution of adhesida discussed
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In the current schem#he processing time and final durability\PD-based nanopatrticle
films still limit their wide commercial applicationThe primary scientific merit®f this work
included improving the efficiency of theprocess while maintaining film qualityzurther, the
chemical stability and failure mechanigmust be determinedTo do so requiresundamental
material characterizations for an optimal target structure and morph®Bgycoated substrates
were characterized for the durability, watefresistanceand electrical and thermal properties.
Atomic forcemicroscopy Fourier traasform infrared spectroscopgnd othemnalytictechniques
were usedo check the fundamental mechanism of film formation and failline. results will

satisfythe commercial usef, and economic interest such coatings in the market.
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Chapter 2

Modeling and analysisof surfacetopographical parameters from experimental data

2.1 Introduction

Scientistgealized long ago that rough surfaces on a microscopic =al# in amactual
area of contadhat isextremely small compared to the nominal ard# €alculation of the area
of contact, or even the prediction of how this varies with load, is very diffiesjtecially when
various shapes are introducékb obtain a better understandingf the way in which contact
behaviorsareaffected by differentigface topologies, certain modelsthe surface contacbust
be constructed. These models are used to estimate fundamental parafmetagls surfaces and

ersurethata fair comparison can be made among films deposited by various nanomaterials.

The rms arface roughness value has been usatkly as a key parameter for rough
surfaces. However, for two surfaces in contact, rms surface roughosssimesdoes not
provide enough informatiorSome AFM data makiavesimilar rms surface roughness, libey
clealy show contact behaviorthat differ significantlybased on their apparentorphologies,
such ashigher separation distance aadsmaller numberof touching asperities, leading to a
possible lower real contact area. A fair compariebthe contact effet between these surfaces

should be demonstrated well
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2.2 Modeling of surface contact

Until now, nanospheres, nanocubes, and nanol@l® beerthe nanomateriakshapes
usedmost commonly The modeling procedseginswith one shape contacting a flatrisace.
Assume that a simple shape is in contact with a flat surface and a load is applied normally to the
surface.Some deformatiorwill occur at the contact point anoche can calculatthosechanges

includingstress distribution, contact aread normatisplacement

The fundamentalcalculations are based dhe Hertzian contact model, the classical
theory of contacthatfocuses primarily on noradhesive contactslowever, he Herzian contact
model is an ideal modednd has several assumptiornthe surbces are continuous and Ron
conforming the strains are smakach solid surface in contact can be considered an elastic half
space andthe surfaces are frictionless (Johnson, 2003). Additional complications arise when
some or albf these assumptionseaviolated, which usuallgccussin practical problems and are
referred to amon-Hertzian contactsHowever, with further improvementthe Hertzian model
can still beapplied Therefore the following calculations are necessagven for more complex

models.

For a sphere on a flat plate:

The radius of the contact area:

00=5 (0
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Contact area:

Normal displacement:

For a cylinder on a flat plate:

The halfwidth of the rectangular contactear.

P
. 107p (0
(A) [1]

Contact area:
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Normal displacement:
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“ 0 “ 0
For a cube on a flat plate (Persson, 2001):
The edge length of the cube:

@ &
Contact area:

Y ® 8y

Normal displacement:

c®o

whereF is the applied forcesandvar e Poi ssonds ratijandkof met
are Youngds modul u sisthdradmmseof spHere armictulas end of cylmder, R

andL is the length of cylinde

36



The simplest model of a randomly roydgut nominal flat surfageconsists of a regular
array of nanospheres, nanorpaisnanocubes with equal dimension parameters and equal height.
If such a surface ipressecdhgainst an elastic solid with a flat sacé, the Hertz contact theory
can be appliedpproximatelyto each asperity contact region and the total effect can be taken

into account.

S

Figure2.1 lllustration of regularly deposited nanoshapes

An area of 20nm x 20nmwasdefined for the nanofilm degsition. All of the nanoshapes
are depositedegularlyon this surfac€Figure 2.1). The dimensions and the depositing patterns

of the nanoshapese:
Nanospheres: Radigs5nm. Single layer dense packing.
Nanorods: Radius of circular are®.5nm. Length= 20nm. Single layer dense packing.

Nanocubes: Edge lengthlOnm. Single layer dense packing.

37



By using these dimension parameters, this fixed aosa contains thaamenumberof
nanostructure asperities (4 for each) for different nanofilms. It candvetkat different shapes

have certain effects on the final contact area and the displacement of contacting asperities.

However,these ideal calculations cannot be applied to actual surface caasatcis
almost impossible tobtainnanostructures deposd in such regular patterns. A realistic surface
is more like a set of randomly distributed spherical or-spimerical asperities. When the
Hertzian theory is appliedirectly to the contact between rough surfaces, two difficubiiese
One is that tharea of the contact spot depends on the radius of the asperity, which is not usually
known untilit is measured directly; another tsat he predicted variatiom thearea with load is
usually incorrect.Therefore,Greenwood and Williamsopresenteda mae detailed model of
elastic contact between nominally flat surfaces (Greenwood .etl@66). Nominally, flat
surfaces may be defined as those in which the area of nominal apparent contagtgadathat
the individual contacts are dispersed andftinees actingon neighboringareasdo not influence

each other.

Now, the contacbetweentwo nominally flat surfacewith anr ms r oughandkess of
Ug, respectivelywill be our concern. To simify it, the contact of one flat smooth surface and

another rough surface of wagtansiderad ent r ms sur f a

, P P T
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It is assumd that all asperity summits have similar structures, and that their heights vary
randomly: the probability that a particular asperity has a height between z and z+dz above some

reference pl amerwi lil( zBe i 8( 2)heez hewght distribu

When two surfaces aregs®dtogetherandcomein contact, the separation distance is d.
Any summitfor which theheight z, isgreatet han d wi | | b ed dtherepreédls sed |

summits in a unit aee the total number of contact asperitieswill be:

€ 0 - @Qa P p

For each summit, the contact areaig\determined byequatiors 2.2, 2.5, or 2.8, where

Aoshould be a functionfd.Ast i s det eromanebebyeFatAd to 0 as

o QO " Q P C

The expected mean contact area is:

S S
5 5+ Q& QF Q- aQd B o

Thereforethe total real contact areA, is:

%)

5 08 0 Q34 Q- aQd BT
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From Equation2.14 it can be seen th#hhe separation distance of the two surfaces and
the density of the number of contacting asperities aftbetsotal contact area (Greenwood et al
1966).In addition,the height distribution of the rough surfateistbe taken into accounand
these parameters must be discugsethake fair comparisonsetween nanofilms deposited by

different shapes.

The height distribution functiqrii ( ,zlgrives from the actual experimental ddtaisting
reportshaveconcluded that fomanycommon rough surfacea,Gaussian distributiors a good

approximatiorof the actual height distribution function (Greenwood gt1#66).

2.3 Analysis of sufacecontactmodel androughnessparameters

The rms surface roughness valsaisedwidely as a key parameter for rough surfaces.
However, for two surfaces in contact, rms surface roughsessetimesdoes not provide
sufficientinformation. For example, siFigure 2.2 shows these two line profiles hawbe same
rms surface roughness, but it is clear thair thentact behaviors diffesignificantly. The second
surface has a higher separation distancesamallernumberof touching asperitiesyhich leads
to a possible lower real contact arddus, afair comparison between these surfaces on the

contact effect should be demonstrated.
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Figure2.2. Two line profiles withthe same rms surface roughness but different mean heights and

contact asperities

Roughmess is a key issue in contact modelegeven a small change roughnessn the
surface coating may result isignificantly differenttrue and apparent contact areas at an
interface.Therefore, épendable models of surface roughness require knowlddge aumber
of contact asperitiesthe true contact areaand local contact pressures @e interfaces
(Greenwood, 1992; Johnson, 2003ome fundamental analytic approaches have been
introduced todevelop sophisticated models of surface confiaicthe evaluaion of interfacial
propertiesThe first sich approach was the Greenwaslliamson (GW) mode(Greenwood et
al., 1966) Later, this analysis was carried out by McCg@McCool, 1986) who demonstratec
method to extract appropriate characteristiargmeters for the GW model from surface
topographic measurements. The analytic method was moélifigabr by Nayak(Nayak, 1973)
which who provided a model that tak@sto accountsomecorrectionsto theGW model. Based
on this modeling work and calcul@ins, the general contact properties of MEMS interfacese
generated by de Boer et al. through a simpét reasonable analytic mod@larpick et al.,

2002)
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Here we provide a calculation based tve GW model and applied to the surface
topographies frm AFM data presented as a quantitative assessment method for the comparison
between different coatings. To carry out this analysis followed the treatment of de Boer

(Carpick et al., 2002and McCool(McCool, 1986)

The basic assumption tfe GW modelis that the surface has a large number of spherical
summits with a random distribution of summit heighist the same radiugGreenwood et al.,
1966) A contact between the rough surface and a,ritatl surface is engaged and the number

of summits in ontact,thereal contact area, and total load are calculated.

The quantitative analystseginswith calculation of three spectral moments of the surface
topography: s, mp, and m, known as the zeroth, secorathd fourth spectral moments of the
profile, respectively These numbers are equivalent to the mean square height,asidmecond
derivative of a profile in an arbitrary direction from the surface topography, which are defined as

follows:

a4 & 0QdQewdr  o6Qarw O P U

where z is a profile in an arbitrary directjohand < > denotes a statistical averaayed
mo is the mean square surface hejightis,the RMS roughnessRq, can be related to gnmo =
R The spectral moments,nand m, cannot be measuredirectly; therefore these two
parameterganevaluated using the procedure provided by de BGarpick et al., 2002)AFM
images were obtained and exgartas raw ASCII data fileandthe first and second numerical

derivatives of z height with respect to the fast scan direction were calculated from the exported

42



data. The dataalculatedwere imported back to Gwyddion as images and the RMS values of
these drivative images were evaluated. The squar¢ghefRMS values from these two data

images provides the values of and m, respectively.

The bandwidth parameter, U,om/mAdn U(hoiws ba Ice
parameter i n Ms(Ccselateddo the mensity &f susnmits, the distribution of

curvature and heighand the mean plane distar{¢écCool, 1986)

Based on these numbers, surface characteristic parameters can be calculated. The average

surface summit densit{dsuwm, is given by

(@ a ¥ elc @ S X0

The mean summit curvature averaged over all summit hemghts given by

I g a ¥ o P X

The mean summit radius averaged over all summit heightss then given by the

reciprmcal of o

The standard devi ati on sovascatuaedbytBuskteal. g ht di

(Bush et al., 1976)

. p T W@ YA P Y
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The expected average number of summits in comiaist given by

¢ O O, P w

where d is the separation betweengammits mean height and the approaching surface.

The ratio of true to apparent contact aredAo, is given by

0716 “YO 'O, g m

Combiningall the parameten@ressions above, this ratio can be rewritten as

o 70 1 T w el ¢ YO O, & p
The function K(t) is given by

D S

Mc“

"0 0 ® 0Q TQw & C

which is from the original GW modeindintegrategjuantities using the Hertz theory of

contact with an assumption afSaussian summit height distributigBreenwood et al., 1966)

For the calculation, the surfaceparation d, is chosen to be equal to one standard
deviation of the summit height distributiofl, which indicates thatl /s 8 1. This ensusethat

the calculations represent a substanitiat not severe interaction between the surfaces.
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Another function that we uddor surface analysis is the HHCF (heidigight correlation
function). For AFM neasurements, the heigheight correlation function based on profiles along

the fast scanning axis can be evaluated from the discrete AFM data values as

Ot — @ R @ R & O

wherem 5/ gl is théJsampling lengitpx i s t he s a@&mpdManreghei nt er
number of rows and columns of the data fieébpectivelyand z is the value dheheight atthe

corresponding point.

For practical modelinga specific function form for the heigheight correlation function

H(x) wasproposed by Sinhet al.(Sinha et al., 1988)

Ow ¢ p Q7 & T

where G i s the thenagtocarrelatianHengiteng h is the roughness

exponent.

The asymptotic behavior of this heigigight correlation function can be described as

'y Q¢ L Y

. "0f bl Y & v
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Therefore, the shortand longrange roughness properties can be characterized using

H(x).

A linear fit on a loglog plot of HHCF at short lateral length rasgeasused to extract
the roughness exponent, h, which can b&iobd from the slope of the linear fit. h is between 0
and 1 ands used to characterize shaoange surface roughness, whikcldicates whethethe
surface is smooth or jagged within a small area (subjectively speaking). A small value of h
produce extrere | y fij aggedo sur f athatapproacw i iappear to hdvar e s 0
A s moogurfdce pattern@<rim et al., 1993) It should be noted that h is not an indicaibthe
roughnes®verall,but can be used to quantifiye way in whichthe roughness changevith the
length scale withira shortrange. At longrange, H)w i | | C 0 n % detegninedtbythe?2 {

rms surface roughness.

The autocorrelation lengtfi, can be used to determine the special variation along the
lateral direction A higher T value indicates a larger average hill or valley grain size, and the

surfacevariations are correlated within this length range.

2.4 Conclusion

Surface roughness is an important parameter that affects the properties of interfaces of
bulk materials. Although roughness parameters from surfaces have been discussed to some
extent, a detailed study must be conductedthat integrate experimental topography

measurements of various surfaces.
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Statistical surface descriptprsuch as rms roughness and maximum ealalley
height are usefulin describing height variations in the verticdirection, but contain no
information about spatial variations in the lateral direction. Therefore, surface parameters of both
height and spatial scale aeqjuiredto describe surface topography variai@ufficiently In this
chapter, an analytical melt based on the Greenwcddilliamson is introduced to model
experimental AFM data to characterize surface topograpbightheight correlation functions
(HHCF) were used for data analysignd providedquantitative metrics related to the spatial
variationand scaling of surface roughnegsnultiple length scale3histheoreticainvestigation
can be used as a general method and applied on most surfaces to make fair caheansen
them The effect of these parameters will be discussed further witlopaaticle coatings

obtained experimentally
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Chapter 3

Synthesis and characterization of films of sizgaried gold nanoparticleson silicon

substratesvia a GXL deposition process

3.1 Introduction

Nanoparticles cannot be precipitated and evaporatetl from stable solutios onto
silicon substrates or microdeviceégcause othe strong interfacial forces arte dewetting
effect duringthedrying process Thereforewe usedhe GXL deposition technique to solve these

problems.

Our group has studieithe depositionof stabilized nanoparticlesnto a silicon substrate
via gasexpanded liquidgpreviously However,not too muchis known yetaboutthe way in
which the deposition conditions affect film formation and how better cootinlbe achievedi
the surface chemistry and morphology of the fileposited The opportunity exists to deposit
various selfassembled monolayers in liquid phaseto substrategrior to nanoparticle
deposition tocombinethe SAM and GXL technologidsy providing both a low mergysurface
and a rough nanoparticle coating. Before the deposition of nanoparticle films becpraetcal
option foractual devicesthe behavior of GXtdepositechanoparticles on such surfaces must be
characterizedAnother important factor is theze of the original nanopatrticles, which is also the
key point in nanotechnologyhe surface morphology of the deposited film is influenced by the

concentration of the nanoparticle solution, the aversige, and size distribution ofthe
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nanoparticles, ahthe nature of the nanopartiélesurface chemistry. Thefore,we investigated

themanner in which the surface roughniessaffected using nanoparticleg different sizes.

3.2 Experimental section

3.2.1Synthesisof thiol-stabilized gold nanoparticles

Thiol-capped gold nanoparticles (AuNPs) were synthesized by ghasereducing
precipitation process,the Brust method(Brust et al, 1994. All chemicals used for gold
nanoparticle synthesis were purchased from Alfa Aesar and used as received. Tesissynth
procedure was as follows. A 36 ml aqueous solution containing 0.38 g hydrogen
tetrachloroaurate was mixed with a solution of 2.7 g of the phase transfer catalyst
tetraoctylammonium bromide in 24.5 ml toluene. Agérring the mixture for 1 h, the agous
phase was removed and discarded, leaving a bright orange organic phase containing gold ions.
The organic solution waken combined with a 30 ml aqueous solution containing N&RBH
to begin to reducghe gold ions tdheir ground state. The mixte wasstirred for 810 h to allow
particle growth before the aqueous pheses discarded 2 4 0 ¢ With the carldorn ghainl
structuredesiredwas then added to the organic solution and stirred fotetdap and stabilize
the gold nanoparticles. The nanopartidispersion was then centrifuged with ethanol at 4500
rpmfor 5 min to rinsehe particles of excess thiol and reducaggnt molecules. After repeating

the centrifugation several times, the nanopatrticles were dispersed and stoheckame.
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The synthesized nanoparticles were analyzed by evaporating a few drops of the
dispersiononto a carboitoated transmission electron microscopy gaidd TEM images were

taken using a Zeiss EM 10CR transmission electron microscope

3.2.2Preparation of Si substrates

Small Si waferswere prepared by cutting large wafers into 1lcmxlcm squarel @it
dicing blade. The Si wafemsereultrasonicated in acetone for 10 min, followed by isopropanol
for 10 min and then dried under a stream of nitrogen. The wafere etched for 10 min in
concentrated HF to remove the native oxide layer, rinsed in €xt@snized waterand then
dried under a stream of nitrogerheredter, the wafersvere placednto a Novascan PSRJVT
UV Ozone Cleaner and cleaned by exposure to ultraviolet light and ozone for 15 min. The
waferswereloaded into a custofhuilt vacuum @position system, the design of which can be
found in our previous reporfPoda et al.,, 2010)The vacuum deposition system consists of a
rotary vane pump connected to a glass reaction chamber that contains electrodesitositeate
capacitivelycoupla radio frequency (RF) plasma (13.56 MHz), which is necessary for plasma

cleaning.

Surface treatment dhe wafersincludedtwo steps: air and water plasnidie ar plasma
treatment isisedto rebuildthe surface oxide layer and water plasma treatmemasvk to leave
the surfacé hydroxyl group {OH) terminated. The wafemgere placed in the chamber on an
aluminum sample holder placditneaththe lower (ground) perforated electrode. First, the

vacuum systemwvaspumped down to a pressure of less than 3Jomm A background of air gas
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in the chambewascreated by performing purge cycles with air. Thenwasallowed to flow

into the chamber. When the pressure of the chamslaehedl000 mTorr, thairflow wascut off

and the vacuum systewaspumped dowrto approximately800 mTorr. Next, plasmaasstruck

by applying a dc bias to the perforated electrodes for 10 min. After the air plasma treaasient
completed the entire systemwas pumped down to base pressure and watemgasntroduced

into the chamér from the vapor delivery system to replace the air. A similar water plasma
treatmentwas performedfor 10 min. Treating wafers by plasma results in a clean, flat surface
without organic contaminants. This cleaning methas repeated until inspection bgontact

angle measuremeintdicatedthat the water contact angk&aslower than 5.

3.2.3 Coating of seHassemblé@ monolayers

SAMs were deposited ontthe cleaned Si substrates following similar ligtpdase
proceduresAn n-octadecyltrichlorosilane (OT)Snonolayer was formed by making a 1 mmol/L
solution in rRhexane. After allowinghe OTS molecules to hydrolyze for 45 min, the Si substrate
was immersed in the OTS solution for 45 mihen taken out andinsedin n-hexane.A
1H,1H,2H,2Hperfluorodecyltrchlorosilane (FDTS) monolayer was formed following a similar
procedure with a 1 mmol/L solution inhexane.Next, a 3-mercaptopropyltrimethoxysilane
(MPTS) monolayer was formed following tineethodreported metho@Hurst et al., 2011)The
Si substrate waimmersed in a solution of 20 mL of@2r opano | | 400 €L of
eL of MP TS 9 doa 30anih. Theosubgtiate was then rinsed consecutively with 2

propanol, water, and -hexane to remove any excess moleculea p-
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aminophenyltrimethoxsilane (APhTS) monolayer was synthesized as follows. The substrate
was rinsedirst in methanola 1:1 (v/v) mixture of methanol and toluene, and pure toluene. Then
the substrate was immersed in a 3 mmol/L APhTS solution in toluene for 30 min. Aftegcoatin
the substrate was ultrasonicated in toluene for 10 min to remove excess surface maledules
then rinsed in fhexane. All the SAMcoated substrates were dried under a stream of nitrogen
and the@ annealed by heating at 12CG for about 1 h in ambier@tmosphere. SAM coating was
confirmed by contact angle measurements on a RdaneModel 200 Standard Contact Angle

Goniometer and ellipsometry analysis on a RplidResearch AutoEL5 Ellipsometer

3.2.4 Nanopatrticle deposition bythe GXL technique

The SAMcoated Si substrateas placedarefullyupsidedown on top of a stainless steel
washer inside a glass vial. The substrate was placed wgsigeto avoid the deposition of large
particle agglomerations that do not stay well dispersed and fall onto niy@esaurfaceby
gravity (Figure 3.1). 200 1L of a AuNP solution in hexane atcertain concentration was added
to the vial and stirred. The sample vial was then placed in a stainless steptesglre vessel
equipped with a quartz viewing window, a résis temperature detector (RTD), heating rope
and pressure gauge. To prevent rapid evaporation of the hexane, approximately 400 g of pure
hexane was adddieEneatithe sample vial in the higbressure vessel to saturate the headspace
with organic vapobefore the vessel faceplate and the quartz windexese sealeavith Teflon

o-rings.Figure 3.2 shows theomplete GXL nanoparticle deposition experimental apparatus.
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Figure3.1. Side and top views of the glass sample vial used for GXL particle deposition
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Figure 3.2. Schenatic of the GXL particle deposition experimental setup
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After the high-pressurevessel was sealed, the chamber was pressurized withtaCO
approximately 330 psi at room temperature (€3, in equilibrium with a 500nl Teledyne
ISCO piston syringe pump. The chamber was then presswsiaety by setting the pump flow
rate at a typical value of 0.4 ml/min, up dapproximately900 psi, which isapproximatelythe
vapor pressure of hexane at room temperature. During pressurizaanyds dissolved in
hexane, expanding the volume of the liquid mixteffectively and reducing the strength of the
organic solvent. This reduction in solvent strength reduces the stabilization effect of the ligands
on nanoparticles. Once the solvent sitenwas weakened below tk&bilizationthreshold, the
particles began to precipitate. For example, dodecanedfaibilized gold nanoparticles in the
size range of 3 to 7 nm precipitaypically within apressure range of 500 to 800 fidicLeod et

al., 2005).

The entire vessel chamber was pressurized until it was filled with liquigl tika®d
dissolvedthe organic solvent. The liquid mixture was heated t6@Qo induce asupercritical
state. The chamber was then flushed with pure supercritical(&@QICC andapproximately
1200 psi) at a rate of approximately 1 ml/min to ensure the removal of the organic solvent and
prevent any dewetting effect. Following the purgéhefpure supercritical C&) the chamber was
depressurizedlowly by venting to the atrephere through a water bubbling system, and the dry,
nanoparticlecoated sample was kept for further characterizationainly with a Pacific

Nanotechnology Atomic Force Microscope

54



3.3 Results anddiscussiors

3.3.1 Synthesis of thicktabilized gold nanogrticles and SAM-coated Si substrates

3.3.1.1 Thiotstabilized gold nanopatrticles

A TEM image and photo showing the thsihbilized AuNP solution are shown in &ig
3.3. The nanoparticle solutiamasvery stable andthetypical average diameter of theuNPwas

4.5#4.4 nm.

Figure 3.3. TEM image of AuNR and photo showing thelodecanthiol-stabilized AuNP

solution

The concentration of the original AUNP solution can be estimatedhtitativelyusing
physical parameterf.iu et al., 2007h) Assuming the nanoparticle is spherical and has a fcc

structure, the average number of gold atoms in each AulNB {&Ncalculated by Equation 3.1,
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where D is the typiisdhe Hensiywobfeccagde(198 g/énam tMe is , |

the molar masef gold (197 g/mol).

0 “" 0O Tob oP

The molar concentration of the original AUNP solutisas calculated by Equation 3.2,
where N is the total number of gold atorttsatderivefrom the initial amount of gold salt in the

solution, V is the volume of the solutind Nvni S Avogadr o6s 2¥nwikst ant (6.

6 070 o @ 0 F“" O og,

The concentration of diluted AuNP solution can be calculated based on the volume ratio

of thediluting solventandoriginal solution.

AuNPs stabilized with thiol ligaredlwith straight chainsbut different lengte and
branched chainsvere synthesizedhs well They havea similar average size and stability after
synthesis. It has beatemonstratedhat the stability of alkanethiektabilized gold nanoparticles
is strongly deendent on thenethodof synthesis (Bellino et al2004. Becausehroughoutthis
dissertationthe synthesis method and condit®remainedunchanged, the apparent stability of
those nanoparticles should nbave changd much. However,with respectto the GXL
deposition process, the steric effect of the ligands cannoegpected, which will be discussed

in thefollowing sectiors.
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3.3.1.2 SAM-coated Si substrates

The contact angle of sessile water droplets on SAM is a convenient method to confirm
SAM coating on Si substrate¥he contact angle values of water on pure>SIQTS, FDTS,
MPTS, and APhTS SAMs on Si substrate are liste@able 3.1. These values amonsistent
with thosereported in thditerature (Hurst et al, 2011) andindicates thathe coverage of the
SAMs on the Si substrateassufficient. From the rests, it can be seen that clean Si®very
hydrophilic, and is very oleophilic for nearly altypesof organic solventas well After the

SAMswerecoated orthe Si substratetheyincreasd its hydrophobicity.

Pure SiQ oTS FDTS MPTS APhTS
Contact agle <5 108 +3 114 +3 70 £2 63 +2
of water 0)
Film t(f;!\')Ck”eSS i 26.3+22  147%13  112%10  185%16
Surface tensior 140 21.8 3.61 25.2 22.0

(dyn/cm)

Table3.1. Contact angle values of water, film thicknessd surface tension of Si@nd SAMs

on Si substrate.

Another important parameter is tBeA M shitkness. A change ithe value of thevater
contact anglandicatesthat the surface has been coated with the SAMs. UsuhbBycontact
angle increases as the coverage of the SAMs in@eb&i®vever, after the surface gsvered

nearlyfully, bulk polymerization of the precursor molecules will result in particulates or thicker
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layers on the substratkatmay or may not reduce the contact anglen et al., 2008) A film
thickness measuremeis required toensure that a good monolayeras formed rather than
multi-layers.The thickness of these SAMS on Si substvegee collectedusing the ellipsometer
andareshownin Table 3.1. The thickness valuesrein agreemenith thevaluescalculdaed in
other reportsand provel thata monolayerwasformed on the Si substra(&andhi et al., 2007;
Choi et al., 2004) A smooth and uniform monolayer formation is very important for the

deposition of nanoparticles (Figure 3.4).

2.0 nm
1.8
1.6
1.4
1.2
1.0
0.8
0.6
0.4

0.0

Figure3.4. AFM image showing a good coating of APhTS SAM on Si substrate.

The surface tension values of different Semated substrateserecalculated by Zisman
plots using contact angle measurements of various solvents of known suntacs.t&€he results
areshownin Table 3.10ur gr oup 6 s dpmoastratedhatsvhew the skirface tension
of the substrate is much greater than that of the film, such asM8l©Da surface tension of 140

dyn/cm, the nanoparticle film formation wiibllow the Frankvan der Merwe modd.ayerby-
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layer film formation is preferred. lcontrast if the surface tension of the substrate is much lower
than that of the filmsuch asFDTS SAM with a surface tension of only 3.61 dyn/cm, the
Volmer-Weber mode tees contrgl and nany aggregates will appear on the final film. When the
surface tension of the substratersthe same ordeasthat of the film, such as OTS or APhTS,

the film formation follows the StranskiKrastanov mode(Hurst et al., 2011) This is \ery
interesting as it allows the opportunityto engineer thenanoparticle films to achievéhe
roughness and surface morpholagsired given thatthe surface chemistrgf the substrate and

the nanoparticle capping agestknown In this work, APhTSwvas chosen as the target SAM
coating because the surface tension of APhTS SAM is neither too high nor too low, making it
possibleto obsene the StranskiKrastanov growth mode with the application of appropriate

ligand-capped nanopatrticles.

3.3.2 GXL-depositd films of AuUNPs onto SAMs with varying surface energies

The nanopatrticle deposition process involves the interaction between the nanoparticles
and thesubstratesurface. In thisectionthe surface chemistry of the substrathich is affected

by the cated SAMswasinvestigated

Figure 3.5 shows AFM scans and rms roughness values of AUNPs deposited ofto SiO
OTS, and FDTSThe imageshowthatthere are islantlke structure on the surfaceandthe
layer height from the AFMine profileis approximagly 5 nm, which indicates the formation of
partial monolayers. On the other hand, the AuNPs édrmuch larger agglomerates on the

FDTS-coated Si substrates. The AuNP films formedtlomOTS-coated Si substrate alsaere
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uniform, but still had some largerthreedimensional structuse Therefore,SAMs played an

important role heren the formation of AUNP films.
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Figure 3.5. AFM scans and rms roughness values of AuNPs depositedasiO,, (b) OTS,

and(c) FDTS

The surface chemistry of SAMs is detened by surface energy, or critical surface

tension. It is acceptegenerallythat there are three possible modes of particle film growth on
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surfaces (Figre 3.6): the island modeor VolmerWeber modegin whichsome small clusters are
nucleated directly othe substrate surface and then grow into islands of the condensed phase.
This occurswhen the small particles of the deposit laoendmore strongly to each other than to

the substratethe layer or Frankvan der Merwe modewhich hascharacteristicoppasite to

those in thevolmer-Weber modeThe interactions betweethe particles and substrate are so
strong that the particles tend tm8 to the substratetherthan each otherandthe layer plus

island or StranskiKrastanov growth moderevails which is an interesting intermediate
situation. After forming the first aseveraimonolayers, subsequent layer growth is unfavouyable

and islands form on top of existing lay€v&nables et al 1984)

The mechanisnby which the nanoparticle films form on tiseibstrate is determined by
the surface tension of bothe nanoparticles and substrate. In tpi®cedure dodecanethiel
capped AuNRvasused for film depositionF-rom experimental data reporteletcritical surface
tension of a dodecanethiol monolayer gold was estimated to be 19.3 dyn/cm (Hurst et al.,
2011). Zisman plots using contact angle measurements of various solvents of known surface
tension were used to calculaketsurface tension values of differedNb-coatedsubstratesThe

results are §ted in Table 3.1.
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represents the number of monolay@fenables et al 1984)

When the surface tension of the substrate is much greater than that of the film, such as
SiO; with a surface tension of 140 dyn/cm, the nanoparticle film formation will follow the
Frankvan cer Merwe mode. A layeby-layer film formation is preferred. In opposite, if the
surface tension of the substrate is much lowerer than that of the filnFDiK& SAM with a
surface tension of only 3.61 dyn/cthe VolmerWeber mode takes control. Many aggates
will appear on the final film. When the surface tension of the substrate is at the same order of
that of the film,such as OTS or APhT#e film formation goes with StransKirastanov mode.
This is very interesting since it enabteg opportunitythat nanoparticle films can be engineered
to achieve desired roughness and surface morphology given that stireanestryis known

about the substrate and the nanoparticle capping agent.
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3.3.3 GXL-deposited films of AUNPs with different capping ligands

The previoussectiondiscussed the way in whidhe surface chemistry of the substrate
affects the film deposition mechanisnBecauseéhe SAM coating interastwith the surface of
nanoparticlesthe interfacial properties of the nanoparticles should aksp goh important rolen
the film deposition, which is determined by the ligands. The typical ligand used for AuNP
synthesis is dodecanethiol, which is a thiol with acagbon straight alkyl chain. In order to
make comparisons, octanethiol (8 carbonsjgity pentadecanethiol (15 carbons, straigimg
t-dodecanethiol (12 carbons, branchesgre used during the synthesis of AuNPs as different
stabilizing agers Figure 3.7 shows the chemical structures of these thiols. The synthesized
AuNPs from diffeent ligands dispersavell in hexane and have similanorphologiesand
average diameterDuring nanoparticle synthesis, thiols were added after the gold ion reduction
and nanoparticle formatigrwhich were used as stabilizing agents onljherefore,the ske

distributionwasunaffected bythedifferent thiols.

Figure 3.7. Structures of thiols: (ajodecanethiol, (b}dodecanethiol, (c) octanethjaind (d)

pentadecanethiol
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Figure 3.8 AFM scans of GXEkdeposited AuNP films on RhTScoated Si substrate. The

AuNPswere stabilized with (a) dodecanethiol, (b) octanethiol, (c) pentadecanedhidl(d) ¢

dodacanethiol.
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Dodecanethiol Octanethiol Pentadecanethio t-Dodecanethiol
Average summit
v g 223.2 £21.5 233.3+227 86.7 +8.4 230.6 £23.3
density (/p?)
Average summit radiu:
3 74.2 +4.5 113 +6.9 95.6 +5.9 58.5 +3.6
(X107 pm)
Us, standard deviation
of summit height 1.74 +0.26 0.95 +0.14 4.70 +0.71 1.81 +0.28
distribution (x10°pm)
Average number of
summits in contact 35.4+34 37.2+3.8 13.8+1.3 36.6 +3.9
(/im?)
Ratio of true to
apparent contact arei  0.75 +0.12 0.65 £0.12 1.02 £0.19 0.64 £0.14
(%)
U, bandw
2.90 +0.36 2.41 +0.31 455 +0.58 2.38 +0.32
parameter
mo (x10° pm?) 4.41 +0.37 1.44 +0.19 27.5+2.11 5.29 +0.44
mz (x10°%) 11.1 +0.8 4.57 +0.33 17.2 +1.27 17.1 £1.36
my (/um?) 80.8+5.1 348 +2.1 48.6 +2.9 128.8 +8.0

Table 3.2.Surfaceparametersalculatedfor coatingsof nanoparticles stabilized with different

ligands.

The films formed aftethese AuNPavere deposited on APhT-8oated Si substrate are
shown in Fig 3.8 According to pevious repos, the critical surface tension values for alkyl
thiols are within a certain range if the length of the alkyl chain is neither too long nor too short.

For example, the surface tension of octanethi@pproximately21.6 dyn/cm(Comeau et al.,
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2012) andthat ofdodecanethiol ispproximatelyl9.3 dyn/cm(Hurst et al., 2011)The surface
tensions of these thiols asemilar to that of the APhTS SAM (22.0 dyn/cm). Figure 3I®ws
cleaty thatthe AUNP films depositechadmixed morphologies. Lars of AUNP coating can be

seenin the background, and large aggregates formed on top of the smooth layers.

The surface parametecalculatedfor coatingsof nanoparticles stabilized with different
ligands are summarized in Table 3.2. Coatings of nanofeststabilized with dodecanethiol,
octanethiol and tdodecanethiol shoed similar surface characteristics. Layers of AUNP coating
can be seem the backgroundas well asa certain amount of aggregates formed on top of the
smooth layers. The only excépt was the coating of nanoparticles stabilized with
pentadecanethiol, where mulgrgeraggregates can be seen on the surface, leadiadptoer

summit densitybut higher ratio of true to apparent contact area.

The experimental HHCF curves from AFM datad corresponding HHCF curvesth
model fitting are plotted in Figure 3.9. The rms roughness, autocorrellmgths, and
roughness component values frdm HHCF model are summarized in Table 3.3. Similar results
can be seem the curvesin thatthe autocorrelation lengths and roughness component values
from coatings of nanoparticles stabilized with dodecanethiol, octane#imdl tdodecanethiol
werewithin the same range, whitbe coating of nanoparticles stabilized with pentadecanethiol
hada longer autocorrelation length and higher roughness component value. Thisag@med
that coatings of nanoparticles stabilized with dodecanethiol, octanethnidl tdodecanethiol

have comparable surface characteristics.
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Autocorrelation

Size of NPs (nm) rms roughness (nm) Roughness exponen
length (nm)
Dodecanethiol 2.12 +0.17 24.0 +1.8 0.721 £0.035
Octanethiol 1.26 +0.15 24.6 +2.3 0.748 £0.037
Pentadecanethiol 5.18 +£0.40 53.8 £3.2 0.826 +0.064
t-Dodecanethiol 2.31 +0.19 25.2+14 0.734 £0.045

Table 3.3.Surface parameterscalculatedfrom HHCF model for coatingof nanoparticles

stabilized with different ligands.

The GXL deposition is based on tbhkange instability of the nanoparticles. When the
stabilization provided by the interaction between the ligand tails and the solvent is ratluced
causeghe nanopatrticle® beginto precipitate from the dispersion. The stability of nanoparticles
in the solution requires the attraction fotcebe controlledvell so that it is balanced with the
osmotic repulsive forgeand the solvation effegfenerated by the interaction between the solvent

and the alkyl chain of ligands.

Previous workby our group has shown that the length of the alkyl chain in thiol ligands
has some effect on the precipitation processand et al., 2005)The shorter tail legth in
octanethiol and hexanethiol ligandauseghe nanoparticleto precipitate at a relatively lower
CO, pressure compared to dodecanethiol ligatatilized nanoparticles (Figure 3.10). This
effectoccursbecause the shorter length ligands hasmadler effective ligand alkyl chain length
for solvation interactions with the solvent comparedigandsof longer lengts. On the other

hand, nanopatrticles stabilized with thiols having longer alkyl chainstkitese ofdodecanethiol
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also require less CQpressure for nanopatrticle precipitatigh.possible explanatiofor this is
that there is a decrease in partphaticle attraction energy with an increase in the thiol
hydrocarbon chain length when it is under the effect of solvation, which leadsetoremsk in

the stability of nanoparticle dispersions.

—w— Hexanethiol
1.0- —=— Octanethiol

—&— Tetradecanethiol
! %—-:g + Dodecanethiol

N \\\
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Figure 3.10. Maximum UWisible absorbance values for AUNPs coated with different thiol
length molecules dispersed in liquid hexane/@tixtures at increasing Gressure (Anand et

al., 2005).

When AUNPs become unstable ameginto precipitate from the solution, thegre
deposited on the substra#éad form thin films as well aslarger aggregates. The lower the

stability of the precipitated nanoparticles, theeaterthe tendency for particle-particle

69



attraction during deposition. When the surface of the substrate has beeedaotierseveral
layers of AuNPs, the interaction between nanoparticles and the substratensvea#t the
particleto-particle attraction séngthens The driving forcen this processs thatlarger particles
arefavoredenergeticallyto a greater degrebdanare smaller particles. A similar phenomenon
referred to a®©stwald ripeninghas been reporteth whichmetallic species form islands rather
than monolayers when deptesl onto ceramic or semiconductor substrates (Ohring, 2002).
Because of the low operating pressures ftbesolvent mixture, more time is required to allow
the nanoparticles to precipitate once destabilized. The lower operating preassesthe
solventmixtureto be more liquidlike, with a higher viscosity and lower diffusivities through the
medium. The fluid properties make the precipitation process more similar to traditional liquid
liquid solvent precipitationwhich usually results in large aggreégaprecipitation (Saunders et
al., 20119. Thereforea proper choice of ligan8AM surface chemistry system (dodecanethiol

APNhTS) is essentiab achievea stable coating process.

3.3.4 GXL-deposited films of AuNPsat different concentrations

When the ddecanethioktabilized AuNPs are deposited on APkddted Si substrate,
the process is affected by the tataimberof nanoparticles deposited on the substrate surface,

which is related to the concentrationtloé nanoparticle solutions used during GXL.

AuNP films were deposited by GXL on APhT8oated substrate by starting with
different AuNP concentrations. The concentration of the AuNP solutiess determined

qualitatively by the maximum peak intensityof Wi s spectra at around
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previous work showd that the peak intensity at this wavelength decreases when the
concentration othe nanoparticle solution is lowdrecause ofhe pressurepplied(Figure 3.11

Saunders et al., 2012)

The AFM scans and rms roughness values of dodecahetipped AuNP films
deposited onto APhT8oated silicon substrate at different concentrations are shown in Figure
3.12 Qualitatively, theconcentrations of the nanoparticle solution incrddsem very low to

high.
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Figure3.11. UVi vis spectra of GXL prapitation of dodecanethiedtabilized gold nanoparticles

from hexane at various G@ressuregapplied(Saunders et al2012.
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Figure 3.12. AFM scans and rms roughness values of dodecanetyoged AuNP films

deposited onto APhT8oated silicon sulbsate at different concentration$he concentrations

are (a) very low, (b) low, (c) mediurand (d) high.
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Very Low Low Medium High
Average summit 904+87  2253%225  163.2 +15.8 79.4 +8.9
denslty (/Ln'?) . — . . —_— . . — . . — .
Average summit radiu:
3 328.9 +20.4 73.9+4.6 74.6 +4.9 101.9+8.4
(X107 pm)
Us, standard deviation
of summit height 1.46 +0.22 1.81 +0.27 1.98 +0.25 5.43 +£0.81
distribution (x10°pm)
Average number of
summits in contact 14.3+1.4 35.7+3.4 259+2.4 126 +1.4
(/im?)
Ratio of trueto
apparent contact arei  1.14 +0.21 0.77 £0.15 0.61 £0.11 1.14 +0.27
(%)
U, bandw
5.45 +0.69 2.99 +0.41 2.23 +0.25 5.48 +0.73
parameter
mo (x10° um ?) 2.56 +0.21 4.49 +0.37 6.16 +0.39 34.7+25
mz (x10°%) 1.38 +0.10 11.2 +0.8 149+11 16.4 +1.2
my (/um?) 4.08 +0.25 81.6 +5.5 79.4 +4.9 425 +3.3

Table 3.4. Surface parameterscalculated for coatings at different initial nanoparticle

concentrations.

The surface parametersalculatedfor coatings from different initial concentratis are
summarized in Table 3.4. All values heverecalculated from the previous modified GW model
analysis. Differences between the surfaces can be summarized as follows. At very low

concentratiog many gapson the surface can bseenclearly, but the surface height and
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roughness are still low, which indicatpartially formedmonolayers. There are slightly fewer
summits per unit area, which is likely a result of the increased size of the grain boundaries. This

can be confirmed from the average sumiaitius, whichvashighest among all the coatings.

For the coatingatlow and medium concentrations, the average summit densrgased
while the average summit radiukecreasedThis indicates that thereere more summits in
contact per unit aredut the contact area for each summit niewebesn smaller. The ratio of
true to apparent contact areas only 50 70% of the value fothe coatingat thevery low

concentrationindicatingthat the actual contact areassmaller.

The coatingat thehigh concaetrationshoweda lower summit densifyagain with a small
average summit radius. However, the average summit radius is the average of all summits across
the whole surface. From the AFM image, it can be seen that there are some very large aggregates
andmany small asperitiesn the background. Therefore, it is likely that this average value may
underestimate the contribution of larger asperities. The ratio of true to apparent contaetsarea

still high, whichderivesfrom these larger structures with higtseirface height.

The experimental HHCF curves fraitme AFM data and corresponding HHCF curves by
model fitting are plotted in Figure 3.13. The fitting curves and the experimental dateedhatch
well, which indicateshat the surfaceobtainedcan be quantiéd using parameters from the
HHCF analysisThe rms roughness, autocorrelatiengths,and roughness component values
from the HHCF model are summarized in Table 3.5. All values hezee calculated from the

previous HHCF analysis.
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Figure 3.13. Expémental HHCF data for coatingsat different initial nanoparticle
concentrations. Lines anhe corresponding HHCF curves calculated usihg HHCF model

fitting proposed
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Autocorrelation

Concentration rms roughness (nm) Roughness exponen
length (nm)
Very Low 1.62 +0.13 945 +3.2 0.788 +£0.062
Low 2.24 +0.17 20.1+1.9 0.607 £0.044
Medium 2.52 +0.16 24.7 2.1 0.653 +£0.038
High 5.91 +0.42 90.5 +3.6 0.850 +0.053

Table 3.5.Surfaceparametergalculatedfrom the HHCF model for coatingat different initial

nanoparticle concentrations.

The autocorrelation lengtivas used to determine the spatial variationthe lateral
direction. A higher T value indicates a larger average hill or valley grain size, and the surface
variationswerecorrelatedwithin this length range. It can be seen that the coatitigavery low
concentratiorhad higher correlation lengthsvhile the rms surface roughnessslow. This is
related to the larger grain structures on the surface, which can be confirmed frétgMhe
images. As the initial concentration of the nanoparticle solutias low, the number of
nanoparticles provided by the solutisras insufficientto form complete surface coverage and
one or more incomplete monolayers may cdliersurface ofhe substatein part ascan be seen
in Figure 3.12 (a)Many gapscan beseenclearly on the surfacebut the surface height and

roughness are still low, indicatimgrtially formedmonolayergather thaarge aggregates.
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As the concentrationncreased the nanparticles deposited begamo form complete
layers with more uniform characteristigds shown inFigure 3.12 (b), the surface layevere
relatively uniform with somemediumsized aggregates on the surface. The surface roughness
valueswere withn the samre magnitudebut the top surface height Figure 3.12 (cyvas10 nm
higher than thatn Figure 7 (b), which maylerive from several monolayers underneath. The
HHCF parametersverevery similar for both coatings, with lower autocorrelation lengths. This

was due to the smaller grain size on the complete surface layers.

The roughness exponent values of coatiagsery low and high concentrationvgere
much higher tharwere those of coatingsit low and medium concentrations. From the linear
profiles in Figure3.12 it is clear that theravere many small but jagged structures on the line
profiles of coatingsat low and medium concentratignshile the surface textureasrelatively

smooth for coatingatvery low and high concentrations.

It has beenshown that the largest nanoparticles in the nanoparticle dispersion will
precipitate onto the substrate first upon progressive introduction of &Qhe pressure of GO
increases and the solvent strength becomes weaker, smaller phdgile® precipitatg Anand
et al., 2005; Saunders et al., 201Zhus, not all nanoparticles in the initial disperseme
deposited onto the substrate and the smaller particlesremibin dispersed in the mixture
depending on the pressure applibdoughoutthe GXL process. Theniensity of the surface
plasmon resonance band (SPRB) for the precipitatiordafdecanethiol stabilized nanoparticles
from n-hexanewas measuredxperimentally ands presented in Figure 3.14 as a functiothef
CO, pressureapplied As the CQ pressureincreased progressive precipitation of large

nanoparticleoccuedfirst as thesolvent conditionsvorsered andcorrespondinglyeducel the
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SPRB intensity of the dispersed smaller nanoparticles. The calculated intensity of the SPRB as a
function of thethreshold nanoparticle size is presented in Figure 3.14 and related to the

experimental intensity.
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Figure 3.14. Experimental intensity of SPRB as a function of appliedp@3sureappliedand
calculated intensitfrom the contribution®f nanoparticle at a given threshold nanoparticle size.
Gray linesindicatehow the nanoparticle threshold size can be determined from theréssure

applied(Saunders et al20119.

Because ofthe miniscule size of the nanoparticles, attractive van der Waals forces
dominateover gravitational forcesand causeparticles at the equilibrium of precipitation lhe
attracedto any surface submerged in the dispersion. On the other &sii@, nanoparticles are
made of a different material than the surface, attractibndss particles is also importaThe
attractive force between nanoparticles can be approxinzettte nonretarded van der Waals
force between two spherical particles in solution. Therefore, when the solvent strength is reduced

because othe addition ® COy, the precipitation of nanoparticles hasachieveequilibrium
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between the particlparticle interaction, which forms larger aggregatasd the particle

substrate interaction, which forms deposited nanoparticle layers.

As mentionedearlier, in this case the film growth followed the StranskKrastanov
mechanism, or layer plus aggregation mode. The Strdraktanov mechanism is affected
thermodynamicallyby the experimental conditiongSantalla et al., 2003)According to the
thermodynamic model, éhsurface energy of the substrate plays an importantrrthe surface
particle interactions. As the surface energy of the substrate, which is determined by the critical
surface tension (Table 3.Bpproacheshat ofthe particles, monolayers formvith some three
dimensional aggregate growth on top. In addition to the thermodynamic view, there & also
suggestiorthatotherprocesseareinvolved in the aggregate formationthre StranskiKrastanov
mechanism. These processes usually include particieegation and diffusion during the

deposition(Santalla et al., 2003)

In our system, the critical surface tension of the SAM (21.8 dynAmshigher than that
of the gold nanopartictg19.3 dyn/cm)depositedbut wasstill close. As the nanoparticlésgan
to precipitate from the solution, initial deposition led to the formation of one, or in some
instances more, stressed monolay#rsstructureof whichis influencedstronglyby the surface
energy ofthe substrate. If thenumberof nanoparticles proded by the solution issufficient,
the surface ofhe substrate may be covered by one or more incomplete monolagean be
seenin Figure 3.12 (a)Many gapscan beseenclearlyon the surfacebut the surface height and
roughnessremained low, which indicated partially formed monolayersrather thanlarge
aggregates. In this stagahservation othe film shows a layeof growth in various areas: the

substrate, an intermixing layer, and the film. As the Hogelayer formationfinished andthe
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layersof film increasé, when the film thicknesexceededan apparent critical thickness, film
growth shifted to small island growth, whiclproducedsmall aggregates on top of the relatively
smooth films (Figure 3.12 (b) and (c)). Thesulted fronthe changen surface energy with film
coverage. As the layers of nanoparticesumulatd on the substrate, the interaction between
the SAM-coated substrate artle deposied nanoparticleghat followed beame weaker. The
particlesubstrate interactiothen became particledeposited film interaction, whicbccured
within the same range as the partipkaticle interaction in the solution. In this case, the existing
small islands on the surface edts the nucleation points for further island growatidled to
larger aggregates. Thigas confirmedby the AFM image and line scan profile in Figure 3.12
(d), where there are visible large structures on the surface while the background ssll show
smooth films. Thereforethe difference in surface energies betweenfilme and substrate is a

crucial condition fotthe StranskiKrastanov growth mechanism.

Growth stages of the Strangkrastanov mechanismvere observed by depositing
differentnumbersof nanoparticles on the surface. The concentratighexfianoparticle dation
affects the particle aggregation during the deposition from the liquid phhseefdency for
nanoparticls to aggrega is affected by two factors: the size of the nanoparticles and the
concentration othe nanoparticle solution. The size thfe nanoparticles affestthe nonretarded
van der Waals forgewhile the concentration othe nanoparticle solution determines how
frequenly the nanoparticles interact with each other. When the initial concentratidime of
nanoparticle solutiorwas very low, the particleparticle interactionwas suppressed and the
nanoparticles precipitadeand were deposited on the substratdemonstratinginitial film
formation from StranskiKrastanov growthBecausedhere are not enough nanoparticles to cover

the whole sudce, the substrate may be coveregartby incomplete layers with mediusized
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grains (Figure 3.12 (a)). As the concentratiooreased after the large nanoparticlegere
deposited, small nanoparticles precipithtender higher pressure il in the vdleys of the
incomplete surface layerand produce a relatively smooth topograptal appearancdhat
indicated layerby-layer growth.As the numberof nanoparticlesvashigher, the film formation
completedand the particlgarticle interactiorbecamemore significant but was still unable to
form many large agglomerates (Figure 3.12 (b) and (c)). When the initial concentrasibigh,
nanoparticle aggregatidriecamedominant, whichresultedin larger asperities (Figure 3.12 (d)).
The aggregation resslfrom the combinedeffect of stronger participarticle interactiorwith a
large numberof nanoparticles during the GXL process and the weak pasitistrate
interaction after the laydyy-layer film formation. The strong particfgarticle interactiorwas
confirmedby the results of deposited films of AUNPs with different capping ligands, where the
film deposited by pentadecaneth&hbilized AuNPsshowedmany large aggregates evah
normal concentrations (Figure 3.8 (c)), indicating that destabilizafio@anoparticles during the
GXL process is a main source of nanoparticle aggregatiaddition tothe variation insurface

energy.

Quantitative study of surface morphological properties usuadgins with the rms
roughness, which is the square rootha arithmetic mean of the square of the deviation from the
average height and can be obtairegily Nonetheless, the rms roughness cannot desitre
surface topographyompletely Thus, the heightheight correlation function (HHCFjas
introduced to gpport the statistical analysis of a surface. The key paranwdtte quantitative
surface analysis results are summarized in T8be Here rms roughness anthe standard

deviation of summit heightvere treated as the loagange or overall surface rghness
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parameters, while the autocorrelation length and roughness expmeentised as the shert

range roughness indicators.

Standard
. Rms roughness  deviation of Autocorrelation Roughness

Concentration o

(nm) summit height length (nm) exporent
distribution (nm)

Very Low 1.62 +0.13 1.46 +0.22 945 +£3.2 0.788 £0.062
Low 2.24 +0.17 1.81 +0.27 20.1+£1.9 0.607 £0.044
Medium 2.52 +0.16 1.98 +0.25 24.7 2.1 0.653 £0.038
High 5.91+0.42 5.43+£0.81 90.5+3.6 0.850 £0.053

Table 3.6. Key parametebmsed on quantitative surface analyfi€oatingsat different initial

nanoparticle concentrations.

As the initial concentratiomcreasedthe rms roughness and standard deviatiothef
summit height valuegcreasedas well. Thisindicatedthat the cacentration changes affect
the longrange roughness significantlgnd the result of the overall topographic variation was
caused byhe various structures formed on the surface. However, the autocorrelation length and
the roughness exponent valudisl not follow the same increasing trend. These shamge
parameters shaydthat the roughness the individual asperitiesrascorrelated within a certain
range, beyond which the surface height fluctuataese no longercorrelated. The sherange
roughnes was affectedmore by the particle aggregatdsrmed which precipitatd from the

solution at various cutoff radas a function of the pressure and initial size distributidre
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absence of &rendin these shortange roughness parameterdicatedthatthe generathanges
in surface topographsccording to the concentratiosiich as incomplete films (Figure 3.12 (a))
and large agglomerates (Figure 3.12 (thfroducel larger structural shapekat might obscure
the shorrange detailsTherefore,the oncentration of the initial coating solution should be

controlledwell for the size effects of the nanopatrticles.

By using the combination of dodecanetkstdbilized AuNPs and APhT&ated Si
substratesye confirmed that the deposition of nanoparticlens beginswith layerby-layer
growth followed by aggregate formation. Thariation in theconcentration of the initial
nanoparticle solutiomade it possible tmbserve the growth process. This again emphasizes the
importance of thenumberof nanopartiats involvedin film deposition and showthat it is

possibé to exertbetter controbf film morphology.

3.3.5 GXL-deposited films of AuNPs with different sizes

The sze effect is one of the key properties of nanopartickasd sizedependent
properties ee often observedt the nanoscale. The properties of nanopagicleange as their
size approaches the nanoscale. When nanoparticles are deposited onto substratasg,in
which thar size affecs the deposited film remains an interesting tofiarrertly, many methods
are usedo achieve nanoparticles of varying sizes, eithedirect synthesis parameter control or
by using possynthesis treatment. Our group has baeing our GXL technology for
precipitation and size fractionation of gold nanop&t¢Anand et al., 2005)The process is

similar to GXL nanoparticle deposition, but now several fpgekssure vessels (mounted
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vertically in series) separated by valvémtare isolated from each otheereintroduced. The

whole process includes preszation, nanoparticle precipitatipand solution transfer.
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Figure3.15. TEM images and size distribution of sifzactionized AuUNPs. The size fractions are

(a) small, (b) mediumand (c) large.
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A series of AuNPswith different average diametelmavebeen achievedia our GXL
nanoparticle size fractionation process. The TEM images and corresponding size distribution are
shown in Figure 3.15. The average size and size distributittre &luNPsobtainedwere(a) 3.6
+£0.9 nm, (b) 4.8 £1.4 nmand (c) % +1.4 nm. These nanoparticlegere used for GXL

deposition taassesshe effect of nanoparticle size on formed films.

AFM images with line profiles and rms surface roughness values of films formed by
small nanoparticles are shown in Figure 3.16. Itlearcthatwhen using small particles, the
surface roughnessasrelatively low, evenat high concentrations. According to the line profiles,
the increasean maximum heightwas approximately3-5 nm, which is within the range of an
AuNP monolayer. The surfac parameterscalculated for coatings from different initial
concentrations are summarized in Table 3.7. The average summit densities at different
concentrationsvere relatively high and the average summit radius valuere high as well. It
should be notethat the high summit radius value does not reflect the actual particle grain size
but it is affected by the loagange morphology characteristicsich as théargebumpsthat are
visible. When @mbinred, theylead to a higher ratio of true to apparentte@t area. This can be
verified by the smooth surface structure and lower standard deviation of summit height

distribution.

The experimental HHCF curves from AFM data and corresponding HHCF curves by
model fitting are plotted in Figure 3.17. The rms rauggs, autocorrelatiotengths, and
roughness component values from HHCF model are summarized in Table 3.8. The
autocorrelation lengthat low and medium concentrationgere higher thanthoseat the high

concentration, indicating surfaces without many Wsirains. Roughness components for these

85



two surfaceswere higher as well, which can be seen from the line prqfileghat they have

fewer tiny,jagged structures.
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Figure 3.16. AFM images with line profiles and rms surface roughness values ofsseall
AuNP films deposited onto APhT&ated silicon substrate at different concentrations. The

concentrationsvere(a) low, (b) mediumand (c) high.

86



Low Medium High
Average summit 150.8 +13.9 144.3 +10.5 118.6 +13.7
density (/p?) R e e
Average summit @dius
3 344.3 +22.7 225.7 +10.8 303.5 +26.3
(X107 pm)
Us, standard deviation
of summit height 0.71 £0.09 1.02 +0.11 1.41 +0.21
distribution (x10°pm)
Average number of
summits in contact 23.9+2.1 229+1.6 18.8 £2.1
(/im?)
Ratio of true to
appaent contact area 0.96 +0.16 0.89 +0.14 1.32 £0.26
(%)
U, bandw
4.17 +0.45 3.69 +0.37 7.03 +£0.93
parameter
mo (x10° um ?) 0.64 +0.04 1.44 +0.12 2.25 +0.17
mz (x10°%) 0.76 £0.05 1.84 +0.10 1.23 +0.09
my (/um?) 3.72 +0.24 8.67 +0.42 4.79 +0.39

Table 3.7 Surfaceparametersalculatedor coatings from small size AuNPs.
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Figure 3.17. Experimental HHCF data for coatings from small size AuNPs. Lines are

corresponding HHCF curves calculated using proposed HHCF model fitting.
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Autocorrelation

Concentration rms roughness (nm) Roughness exponen
length (nm)
Low 0.83 £0.05 210.1 £6.3 0.601 +£0.090
Medium 1.21 £0.10 242.4 +8.6 0.608 +0.079
High 1.54 £0.12 133.6 +4.9 0.629 £0.047

Table 3.8 Surface parameters calculafedm HHCF model for coatings from small size AUNPs.

AFM images with line profiles and rms surface roughness values of films formed by
medium nanoparticles are shown in Figure 3B&ausdhe average siz@as nearljthe same as
in the original AUNP solutionand the size distributiowas narrowe, the morphology othe
deposited AuNP films alswasvery similar, showing a trend from smooth layer formation to
aggregate structures. The surface parametatsulated for coatings at different initial
concentrabbns are summarized in Table 3.9. The average summit densities at different
concentrations decreescompared tdhose orthe films formed by small nanoparticles and the
average summit radius values desezitas well. Thereforethe ratio of true to apparenontact

areadecreasedvhich may be gositivetrend forreducedadhesion applicatian

The experimental HHCF curves fraime AFM data and corresponding HHCF curves by
model fitting are plotted in Figure 3.1@%hile the rms roughness, autocorrelatiengths,and
roughness component values from HHCF model are summarized in Table 3.10. Both the

autocorrelation lengths and the roughness compoaéugsious concentrationserewithin the
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same range, indicating uniform surface morphol@gythe high concetration,largeraggregates

are visible on the surfacenhile the film underneath is still formed by uniform asperities.
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Figure 3.18. AFM images with line profiles and rms surface roughness values of medium size

AuNP films deposited do APhTScoated sicon substrate at different concentrations. The

concentrationsvere(a) low, (b) mediumand (c) high.
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Low Medium High
Average summit 90.5 +9.8 99.1+9.4 101.4 +12.1
density (/p?) D T T
Average summit radiu:
3 334.1 +26.0 239.9+12.6 132.7 +11.6
(X107 pm)
Us, standard deviation
of summit height 1.05 +0.15 1.38 +0.17 2.97 £0.48
distribution (x10°pm)
Average number of
summits in contact 14.4 +1.5 15.7 £1.5 16.1 £2.0
(/im?)
Ratio of true to
apparent contact arei 0.81 +0.16 0.86 +0.15 1.05+0.24
(%)
U, bandw
3.18 +0.41 3.49 +0.36 4.77 +0.68
parameter
mo (x10° um ?) 1.44 +0.11 2.56 +0.16 10.9 +0.67
mz (x10°%) 1.34 +0.09 2.37 +0.18 7.55 +0.61
my (/um?) 3.96 +0.32 7.67 +0.41 25.0 2.2

Table 3.9 Surfaceparametersalculatedor coatings from medium size AuNPs.
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Figure 3.19. Experimental HHCF data for coatings from medium size AuNPs. Lines are

corresponding HHCF curves calculated using proposed HHCF model fitting.
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Autocorrelation

Concentration rms roughness (nm) Roughness exponen
length (nm)
Low 1.23 £0.09 54.3+3.4 0.748 +£0.024
Medium 1.57 £0.11 40.3 £4.8 0.745 +£0.037
High 3.26 £0.21 56.6 +4.3 0.765 £0.029

Table 3.10.Surface parameters calculattedm HHCF model for coatings from medium size

AUNPs.

AFM images with line profiles and rms surface roughness values of films formed by
large nanoparticles are shown in Figure 3.20. Ghange inmorphology showd a tendency
similar to that inthe previous films. The surface parametesculatedfor coatings from
different initial concentrations are summarized in Table 3.11. The average summit densities at
different concentrations decreascompared to the films formed by medium nanopartjdbes
the average summit radius values insegawhich s attributable tahe size effect. The ratio of
true to apparent contact areas similar to the result from coatingg mediumconcentrations,
but the variation between different valueas more significantindicating that the aggregates

formed by larger nanoparticles leamajor effects on surface characteristics.

The experimental HHCF curves from AFM data and corresponding HHCF curves by
model fitting are plotted in Figure 3.24nd the rms roughness, autocorrelatiemgths,and

roughness component values from HHCF maalel summarized in Table 3.12. It should be

93



noted thattlow concentrations, rough incomplete films with gaps amzed he corresponding

autocorrelation length for this surfaees significantly higher than others, whiderivedfrom

the patterdike grans.
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Figure 3.20. AFM images with line profiles and rms surface roughness values of large size

AuNP films depositedonto APhTScoated silicon substrate at different concentrations. The

concentrationsvere(a) low, (b) mediumand (c) high.
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Low Medium High
Average summit 88.9 +10.1 81.7 +7.2 106.8 +12.4
density (/p?) e e I
Average summit radiv: o0 4 o4 5 353.6 +21.2 223.8 +17.9
(X10_3 un) . — . . — . . — .
Us, standard deviation
of summit height 1.76 +0.25 1.23 +0.16 1.49 £0.24
distribution (x10°pm)
Average mmber of
summits in contact 14.1 +1.6 12.8+1.1 16.9 £2.1
(/im?)
Ratio of true to
apparent contact are: 1.22 +0.25 0.93 +0.16 0.94 +0.22
(%)
U, bandw
6.17 £0.84 3.95 +0.46 3.98 £0.55
parameter
Mo (Xl(T6 pm 2) 3.61 +0.23 1.96 £0.15 2.89 +0.21
mp (X103) 1.71 £0.13 1.32 £0.08 2.53 +0.25
ms (/pm?) 4.93 +0.40 3.53+0.21 8.82 +0.71

Table 3.11Surfaceparametersalculatedor coatings from large size AuNPs.
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Figure 3.21. Experimental HHCF data for coatings from large size AulNP®s are

corresponding HHCF curves calculated using proposed HHCF model fitting.
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Autocorrelation Roughness

Concentration rms roughness (nm
length (nm) exponent
Low 1.96 +0.12 86.4 £3.6 0.809 +£0.041
Medium 1.41 +0.11 64.9 £1.7 0.824 +0.034
High 1.73+0.12 78.4 £3.1 0.793 £0.040

Table 3.12.Surface parameterscalculatedfrom HHCF model for coatings from large size

AUNPs.

As discussed before, the film formation mechanism is based on the surface energies of
both nanoparticles and the strbge. Precipitation of nanoparticlashievesequilibrium between
the particleparticle interaction and the partiedeirface interaction. The size thfe nanoparticles
affects the nometarded van der Waals forpeoduced bythese interactionsThe ron-retarded
van der Waals attractive force to a flat silicon surface experiencadyblg nanoparticle can be

estimated using Equation 3.3:

O 0 YXgO o®

where R is theadius of the nanoparticle, D is the separation distance between particle
and surface, and A is an overall Hamaker constant for the partsleface interaction

(Israelachvili, 1992)
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As the nanoparticles are made of a different material than the suttae attraction
between particles is also importaihe nonretarded van der Waals force between two spherical

particles in solution can be estimated by Equation 3.4:

o) ) YYTpY Y O o8

where R and R are radii of twointeractingnanoparticlesand Aw-np is an overall
Hamaker constant for the partigbarticle interactior(Israelachvili, 1992)Assuming the radius

of every patrticle is approximately equal, the equation above can be reduced to:

"O 0 Yip © od

The difference in these two fas depends on the overall Hamaker constants. The overall
Hamaker constant for the partigdarface interaction used in this stuggsestimated to be one
magnitude lower than that for the partigarticle interaction. Therefore, the interaction between
two gold particles of equal diameters is generally stronger tharbéthatena gold particle of
the same sizanda large, flat silicon surface. Although this slight difference will not prevent the
attraction of nanopatrticles to the surfaotiyer parameter such as the particle radius, will affect

the two interactions.

In a fixed systemthe nonretarded van der Waals force is affecwtdongly by the
particle radius. Whethe GXL processvas appliedto ananoparticle solution with a broad size
distribution, small nanoparticles precipitated under higher pressut#ll edin the valleys othe

incomplete surface layers formed by large nanoparticles, leading relatively smooth
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topography. If the size distribution of the nanoparticle solution is nadothiss phenomenon

can be suppressethe final morphology ofilm s deposited by nanoparticles of different sizes is
affected by competition between partiglarticle and particlsurface attraction. For films
formed by small nanoparticles, the partisleface attractiorwasstill strong enough to make the
surface relatively uniformmwhile the size othe aggregates formed by partigbarticle attraction
wasnot large enough to change the surface roughness effectively. From the AFM images, it can
be seenhat smooth filmdormed atall concentratioa As the nanoparticle sizacreasedthe
particleparticle attractiorbecamemore significanthanthe particlesurface attraction, resulting

in a morphology consisting of particle grains, whiehs confirmedby the AFM imagesAs
shown inTables 3.10and3.12 the average radius value of films formed by large nanoparticles
was larger than that of films formed by medium nanoparticles, showing the size effect of

nanoparticles.

The size effects on the surface rbogss parameters are summariredable 3.13. The
rms roughness and standard deviation of summit height values stiledlaomincreasing trend
for small and medium sized nanoparticle coatings. However, for sartaeted with large
nanoparticles, the @vall roughness parametevsiried which derives from the incomplete
coating athelow concentrationlt is worth noting that the roughness exporieoteaseds the
size of the nanoparticlecreasedwhile it was not affectedsignificantly by the conceination.
The hgher roughness exponent reflects lower local surface widhtsareassociated witta

smoother shontange surface topography.
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Rms roughness

Standard

deviation of

Autocorrelation

Roughness

Size  Concentration (nm) summit height length (nm) exoonent
distribution "9 P
(nm)

Low 0.83 £0.05 0.71 £0.09 210.1 6.3 0.601 +£0.090
Small Medium 1.21 £0.10 1.02 £+0.11 242.4 +8.6 0.608 +0.079
High 1.54 £0.12 1.41 £0.21 133.6 £4.9 0.629 +£0.047
Low 1.23 £0.09 1.05 +£0.15 54.3 £3.4 0.748 £0.024
Medium Medium 1.57 £0.11 1.38 £0.17 40.3 4.8 0.745 £0.037
High 3.26 £0.21 2.97 £0.48 56.6 +4.3 0.765 +0.029
Low 1.96 +0.12 1.76 £0.25 86.4 £3.6 0.809 +£0.041
Large Medium 1.41 +0.11 1.23 +£0.16 64.9 +1.7 0.824 +0.034
High 1.73 £0.12 1.49 £0.24 78.4 £3.1 0.793 £0.040

Table 3.13. Key parameters based on quantitative surface analysis for caodtiifferent

nanoparticle sizes

For coatings of medium and large size nanopatrticles, the roughness exponent values
increasd, asdid the autocorrelation lengths, the size of whids onthe same ordeasthe grain
size in the AFM images. This observatiandicatesthat the grains formed by these size
controlled nanoparticlesvere visible on the surface andere describedwell by the sirface
roughness modeling. The dimensions of the particle graere affectedmore by the particle

sizethan thesolution concentration. The average size of the graasssignificantly larger than
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that of the original average nanoparticle ssehthatclustering of the nanoparticles during the

GXL deposition procesglayedan important rolen the formation of thefinal morphology 6 the
surface. However, although the roughness exponent of coatings of small size nanoparticles
followed the same descemdj trend, the autocorrelation lengttas much higher thamverethe

values of coatings formed by medium and large nanoparticles. From the AFM images, it can be
observed that the tiny structures arelear. The higher autocorrelation length suggests that fo
this kind of surface, heights of two points are correlated within a distance larger than the grain
size which cannot be observed. This is probably because the size of this batch of nanoparticles
wastoo small to make elemental structural grains vistbdarly,and the large local clustering on

the surfaceverlappedhe tiny structures during the deposition process.

Both the initial concentration ofthe nanoparticle solution and the average sizehef
nanoparticles affeetlthe morphology characteriss of nanostructured surfacdhe dangein
concentrationtiada major effect on thehange irfong-range roughness, such as the rms surface
roughness and standard deviationtted summit height distribution. Clustering of the particles
and graingesuledin local agglomerationsyhich can be characterized by shoahge roughness
parameters.The aerage size ofthe nanoparticlesaffected the autocorrelation length and
roughness exponents and this effeets independent of the initial concentration ondgrange
roughness. It should be noted thfa¢ autocorrelation length was much largmr the coatings
formed by very small nanoparticles, which indicates that morphological structurea lastier
lengthscale order thamhe fundamental particle clusteexisted For the coatings formed by
medium and large nanoparticles, the correlation length and visible graiwesiegef the same
order. All these results shedthat controlof thesize variation of nanopatrticles hslgsachieve

better observatiaof the surface roughness at different dimensional scale
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3.4 Conclusion

Various selassembled monolayevgeredeposited in liquid phase on substrates prior to
nanoparticle deposition toombinethe SAM and GXL technologies by providing both a low

energy stface and a rough nanopatrticle coating.

Selfassembled monolayemwere synthesized on Si substrates and characterized. The
contact angle and thickness values of these SABtgin agreemenwith the valuesmeasured
and calculated in other reports, whicloyes that a monolayer formed on the Si substrate. A

smooth and uniform monolayer formation is very importanhe deposition of nanoparticles.

Because it wasffected bythe critical surface tension of the SAMs, the film growth
alternatedbetween layeby-layer deposition and agglomeration formation, which aésulted
in a change in the surface roughness. On the other Handurface chemistry of the AuNPs,
which is affected by the stabilizing ligands on the nanoparticles haldaneffect on thefilm
deposition By using the combination of dodecanetkstdbilized AUNPs and APhT&ated Si
substrateswe confirmed that the nanopatrticle filntepositedfollowed the StranskiKrastanov
mechanism. Thechanges inmorphology induced by the concentratioh tbe nanoparticle
solution emphasize the importance of thanberof nanoparticles involveth film deposition

andindicatethe possibility taachievebetter control bthe filmsformed.

A calculation based otine GW modelwasapplied to the surface togaphies from AFM
data presented as a quantitative assessment for the compdnsoious coatings. Theariation
in concentration of the initial nanoparticle solutikacilitated observation othe growth process

When nanoparticles of different sizesere deposited ora SAM-coated substratat varying
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concentrations, the surface morphology and roughwess affected at multiple length scales.
Changsin concentratiorhada major effect on the loagange roughness parametensch as the
rms surface roghness and standard deviatiortled summit height distributionThe average size
of nanoparticlesaffectedshortrange roughness parametessch as autocorrelation length and
roughness exponents. Clustering of the particles and grdlnencedthe dimasions of local
agglomerations and this effestisindependent of the initial concentration. TWaiation insize
of the nanoparticleallowedthe opportunity tabtainbetter controbf several important surface
parameterssuch as the ratio of true t@arent contact area, which is hightyportant in

minimizing adhesion and friction in real applications.

The results discussed in this work indichtbBat the morphology of nanoparticle films
can be engineered for specific surfaces and provide potempabvementsfor interfacial

applications by altering certain deposition conditions.

10¢



Chapter 4

Nanoparticle films based on nanomaterials of differensizes and shapesand their effect on

microtribology control for MEMS devices

4 1 Introduction

Ourgroups previous work proved t haduccegsullyd nanc
on cantilever beams using our GXL deposition technology with supercritical drying (Hurst et al
2009). Using this technologyresultedin reduced microstructure adhesion enebggausethe
surfaceswere roughenedfurther and the real area of contastas reducedsignificantly. In
contrast to traditional methods of surface roughening, the deposition of hydrophobic ligand
capped nanoparticledfersa new choice to control the chemiimature of contacas well as the
topographical benefits of reduced contact area. The GXL particle deposition technology is
compatible with current fabrication requirements compared to conventional evaporation or drop

casting of nanopatrticles.

However, challenges still exist. One of the problems is the mobility of sphere
nanoparticledeposited filmsOur previous workshowedthat after the actuation and contact of
the cantilever beam with the substrate, the mechanical contact ofglanesurfaces iataced
and movd the weaklybound nanoparticles from the organic monolayer films. Timiscated
that norimmobilized nanopatrticles show regions of nanoparticle translation, which may result in
decreasegherformance in applicatiortsecausehe top layer bsphercal nanoparticles does not

havea large enoughkontact area with lower nanoparticle films or ssdSembld monolayers. A
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potential solution is to apply further enhancement layer on the surface, which requires
additional processing. An alternagipossibility is tousenanomaterials of various sizes. These
sizecontrolled structures maproduce stronger interactions between asperitéexd lead to
improvedstability. Application of these sizearied nanostructures alsaay produce filmswith

differentcontact aremand morphologyhataffect the surface tribology.

Another reasorto choosedifferent sizes is their unique properties. Time of size
controlled nanomaterials has been reported as catalyst suppdriisphotovoltaic applications.
It is believed that nanomaterials of different siZesction not only as supports, but also as
electronic modulators, in addition to contributing asymmetric acting sites (Yamada2etdl).
These materials have even greater potential for innovative sustfature design. The precise
selection and control of sidgased interfaces could lead to better applications for surface
modification. Currentlythere are few reporisn the effect on devices of ti@egraton of size

controlled nanomaterials with tolbgy control.

Based on thee factorsthefollowing hypothesisvasproposed. If metal nanomaterials of
different sizesare deposited on SAMoated substrates, the effect of nanostructure shape on
surface coverage, real contact arad adhesion energyrcde investigated. With these tuning

effects, better tribology control can be achieved.
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4.2 Experimental section

4.2.11ron oxide nanoparticlesand gold nanorods

Synthesis ofpolydispersedron oxide nanoparticlewas accomplishedith the help of
our prewous group member, Dr. Pranav Vengsarkaho has synthesized iron oxide
nanoparticles coated with oleic acid dispersed in hexameessfullyand used our GXL
technology toperform the particle size fractionatio(Mengsarkar et al., 2015)ron oxide
nangarticles coated with oleic acid (replaceable with other carboxylic acids) were synthesized
based on a coprecipitation method described previously (Jain et al., 2g08pus solutions of
0.1 M Fe (lll) and 0.1 M Fe (Il) were prepared using DIUF watem8Qof Fe (IIl) solution was
mixed with 15 mL of Fe(ll) solution in a threenecked flask with magnetic stirring. Under
constant stirringn a nitrogen atmosphere, 3 mL of 5 M ammonium hydroxide was addéd to
solutionto generate a black precipitate iodn oxide naoparticles. The reaction solution was
then heatedo 80 °C and maintained for 30 min to evaporate the ammbyoia the soltion.
While the temperature was increasig8 0 e L o f wad a&dded to ahe imtkture. The
temperature was then cooled to“@andmaintained at that temperatudor 1 h. Theredter, the
solutionwas allowed to cool to room temperature avels washed with water to remove any
excess reagents anohpurities. Then 30 mL of ethanol was addednd the particles were
centrifugedwith ethanol twice. The particles were then dried using nitrogen and dispersed in n

hexane via sonication.

The particles synthesized using the method above have a broadisi#eution. To
obtaina better understanding of size effects, commersdierical, oleic acidoated, iron oxide

nanoparticles (average size 5 nm, 10 nm, and 20 nm) dispersed in toluene were purchased from
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Sigma Aldrich The concentration was 5 mg/mbrfall nanoparticle dispersionsvhich also
contained less than 1.0% oleic acid. The iron oxide nanoparticles were dried using nitrogen and

redispersed in4mexane for all experiments in this study.

To study the effect of nanoshapes, commerg@t nanorals were purchasettom
NanoPartz. The gold nanorods were stabilized wittodecanethiol and dispersed in toluane
concentratiorof 1 mg/mL. After the gold nanorod solution wamde it was redispersed in-n

hexare and ready for GXL deposition.

4.2.2Design of micromachine testing chips

To test the actual tribology effects of nanofilms formed by various shipess
necessary to design and fabricate certagt devices at micrometer scale. Historically, the test
platforms that have been used to sttigy tribological properties of MEMS surfaces have had
extremely complicated desigrandtheir fabrication hainvolved highly sophisticated processes
thatare not only expensivéout time consuming. However, the design of a test platform should
be suchhat it can be fabricateglasily inexpensivly, andin a reasonable amount of time. This
is an important requirement because maostversityresearchers are known to be short of two
resourcestime and moneyurther this alsowould make the design of thtest platform portable

amonglaboratories (Ga@l-Hak, 2006).

Naveed Ansari, a previous PhD student in our group, designed a test platform that can be

fabricated using a silicearrinsulator (SOI) wafer. The SOI wafer, which is used to fabricate the

107



microinstrument, consists of a 2 um thick-type Si(100) layer, a 2 pn thick sacrificial layer,
which is a burieebxide (BOX) layer and a substratthatis a 500 pm thick n-type Si(100)

wafer. To be able to investigatsystematically and establish a meanimy and reliable
correlation between, the effects that a particular factor has on the different tribological properties
of MEMS surfaces, several different types of microinstrumemtse included in the test
platform. Their dimensionweredetermined keepg in mind that fabricating all of them on the
same chip should not cause any issues during the release of the test platform. Fabricdting all
the microinstruments used to determine the various properties of surfaces on the same chip
ensuredthat the tets surfaces examined eachdhmlentical surface characteristics, anegre
exposed to identical experimental conditions.uFég4.1shows aschematiof the complete chip

design.

The test platformwas designed to have multiple copies of the seven main
microinstruments. Theeason forincluding multiple copies of each microinstrument in the test
platform was to obtain statistically significant experimental datasets. Further, the copies
distributed over the entire test platform to determine local vargimthe experimental results.
This enabledus to eliminatgositional biasn theresults.In addition, allof the microinstruments
of the test platfornwere organized to make the most efficient use of the total area of the test
platform. In summary, thitest platformis a carefully designednd versatile toolthat enables

systematic and reliable studies of the tribology of MEMS interfaces.

The focus ofthis test platform is a microinstrumerdferred to as &antilever Beam
Array (CBA), which can be usdd study the adhesion characteristics gplane surfacesandto

determine the apparent work of adhesion gplane surfaces contact Although most of the
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tribological studies reported to date have been conducted uspigne surfacesnore surfaes
come into contact during the operationdeivicesin several of the emerging classes of MEMS
such as microgears and microsliders. Information from the test dataptdnia surfaces still

shows that it iscritically importart to understand tribology &fctsmore thoroughly



Residual Stress Cantilever Beam Resonator Sidewall Beam
Tester (RST) Array (CBA)
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(SFAT)

Figure4.1. Schematiof the mask used to fabricate the test platform.

Cantilever beams were first useddeterminghe interfacial work of adhesion of-plane
surfaces by Mastrange{astrangelo et al., 1992%ine then, thaCBA has beeronsidered the

standard test device for studying the stiction characteristics-giaire surfacesandhas been
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usedwidely to determinethe mechanismghat underle the stiction experienced by proximate
MEMS surfacesas well ago study the effects of different surface treatments. Historically, the
CBAs that have been used study stiction consisted of cantilever beaofhsncreasing lengths.
Later repors indicatedhat using cantilever beams that are adhered over long attaclemgiins

to determine the apparent work of adhesion eplane surfaceyielded significantly more
accurate resultdJsing Sshaped beams to quantiglhesion and stiction is much less sensitive
to variations in surface topography or to details of capildrying thans the case wheuasing

arcshaped beamsl¢ Boer et al, 1999).

O 500 pm O

[
-
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Figure 4.2 An optical image of two sets of Cantilever Beam Arrays

To overcome the limitations of tHeBA that consists of cantilever beams with increasing
lengths, the CBA thatwereincluded in the test chigvere designedwith 10 cantilever beams
each, all ofequallength. Figure 4.2 showsraoptical imageof the CBAsreleased The crack
length of each cantilever beamasdetermined using interferometry. Therefore, eadcttilewer
beam of the CBA can be used to obtain a data point. Accordingly, eachrnCBA TP can be
used to obtain ten data points. This akalmot onlythe collection of a statistically significant
datasetbut alsoenabledanalysis of the local variatioin the adhesion dhe in-plane surfaces

studied
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4.2.3Fabrication of micromachine testing chips

To be able to fabricate the test chip usirginaple inexpensiveand less time consuming
process, the microinstrumem®redesigned in such a way thalt can be fabricated in a single
mask scheme. The test chyasfabricated using standard surface micromachining totlsthe
help of John Tatarchuka PhD student inthe Department of Electrical and Computer
Engineering The fabrication procedseganwith cleaning the SOI wafer using a RCAL solution
(deionized HO/NHsOH/H20- at avolume ratio of 5:1:1)The cleaned wafewasdried so that it
could be primed with hexamethyleftisilazane (HMDS). Priming the device layer with HMDS
ensuredyood adhesion beten the device layer and the photoresist layer, wivathused as a
maskwhenpatternng it. After priming, the device layexrasspin-coated witha layer ofpositive
photoresistAZ 5214 EIR. Next, the photoresist layevas patterned by exposing it throug
hard (chrome on quartz) mask to thdine of a mercury vapor lamgradiationwavelength=
404.7 nm)and developinghe exposed photoresist layiaran agueous solution for 18 seconds
(AZ400K/deionized HO at avolume ratio of 3:1)Patterningthe phooresist layeitransferred
the layout of the test platform from the hard mask onto it. Next, the SOI wafetheiplatterned
photoresist layewas dipped in HF solutiofconcentrated 49% HF/deionized®with avolume
ratio of 50:) for 10 secondswhich etchedaway the native oxide present on the exposed regions
of the device layer. Using the patterned photoresist layer as the etch mask, the devigadayer
etched using the Bosch process in a deep reactive ion etching (DRIE) system. This anisotropic
etching of the device layedefinedthe three dimensional geometries of the microinstruments of
the test platformBecausahe Bosch process etches the silicon relatively much faster than the

SiOp, the sacrificial layer can be usednvenientlyas an effectivestch stop. Finally, after the
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entire thickness of the device laygasetched, the wafevasdicedcarefullyinto individual test

chips.

The Bosch process used to define the three dimensional geometries of the
microinstruments of the test platform resutt the formation of scallops on the sidewall surfaces
(Rhee et al., 2008pecause they are not masked during the etching process,the arplane
surfaces of the test platforiiherefore,a polishing process based on thermal oxidatiwas
introduced ¢ the fabricatiorto constructthe sidewall surfaces of the test platforfle process
beganwith cleaning the test platform iapiranhasolution(concentrated F5Quw/30% H20> at a
volume ratio of 2:}, for 2 min, after which the test platfonvasdried bya N> stream A layer of
thermalsilicon oxide was grown onthe exposed silicon surfaces of the test platform using the
dry oxidation procesat 1100°C in laboratory air for 75 min. This fored a 120-140 nm thick
layer of SiQ on the exposed surfaces b&microinstruments of the test platform. The thickness
of the thermal oxide layer growan the exposed silicon surfaces of the test platforas
measured using ellipsometon a Si(100) monitor chip processed simultaneously with the test
platform. Next,the thermallygrown oxide layewasetched awaygompletelyfrom the surfaces
of the test platform usindOE etching solutiondonentratedHF/deionized HO at avolume
ratio of 1:6) The thickness of the residual thermal oxidenainingon the surfaces dhe test
platform after this treatmemtasmeasured on the simultaneously procesi€tD0) monitor chip
using ellipsometry, to ensure that the timed etas suficient toremovethe entire layer of
thermallygrown oxide. Thixompletedonecycle of polisting. The sidewall surfaces of the test

platform used in thisvork werepolished using two cycles.
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4.2.4Preparation of test platform chips

To study the tribology of MEMS instruments, the devices on the test platistrmust
be released befonesingthem for testing. The microinstrumeiteelease procedurgeganwith
cleaning the chip toemovethe patterneghotoresist layerThe chipswereimmersed in acetone
and sonicated for 1 mite thendried bya N2 stream.Next, the microinstrumentsverereleased
by etching the sadiicial silicon oxide layer underlying the device layer in concentrak¢id
solution (49%) for approximately 10 mirties This time depends on the thickness tife
sacrificial layer andmust be controllegrecisely After etching the etbantwasrinsed away
thoroughlywith DI water. The released microinstrumentsrethen placedn hot HO (80 °C)
for 10 minutes to oxidie the microstructure surfac@he oxidized chipgvererinsedcompletely
with isopropanol and further with anhydrousxiane. Caranust be taken to ensure that the
microinstruments are not exposed to the liegaghor interface while transferring the chip. The

prepared chipvasfinally stored in anhydrous hexane for further testing.

4.25 Nanopatrticle deposition on test fatforms by the gasexpanded liquid technique

The process described in Section 3@akmodified andusedto deposit the iron oxide
nanoparticles on the test surfaces of the cfipsreleasedathip wasstored in a glass vial kept in
a large beaker fillesvith anhydrous hexane without exposing it to the liguaghor interface. To
load the chip into théigh-pressurevessel, the chipvasfirst flipped and placed upsiedown in

the vial. The vialwasthen removed from the beaker, and the hexaneovedfrom the vial
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carefully to a level just above the chip. Ne20O L of diluted iron oxide gold nanoparticle

dispersion in hexan@asaddedo the vial and mixedarefully.

After mixing, the vialwas placed in the stainless stdabh-pressurevesseldescribe
previously 400 L of pure anhydrous hexameasadded to the vessel to saturate the vapor space
and prevent evaporation of the organic nanoparticle dispersion prior to sealing theAfessel.
wassealedthe chambemwaspressurized with C&Xo appraximately 900 psiusinga flow rate of
0.4 mL/min. During the pressurization, the £@issolves in the organic phase, effectively
expanding the volume and reducing the solvent strength of the hexane’&tre, which
results in precipitation of the suspewdiron oxide nanoparticleBressurizatiorwas continued
until the entire chamber of thiegh-pressuresessel filled with liquid C@ The mixture of liquid
CO; and hexanavasthenheatedo 40°C to bring it into supercritical statdlext, the chamber of
the vesselwas flushed with pure supercritical GQat 40 °C and 90 bar) at aate of
approximately 1 mL/min to ensure the removal of the organic solvent and prevent any dewetting
effect.Finally, the chambewasdepressurized to atmosphestewly and thedried nanostructure

coated chipvasremoved and kept for further characterizations.

4.2 6 Actuation and analysis of nanoparticledeposited tesplatform

The microinstruments on the test chipreactuated using a custebuilt probing system
(Probe Station A photograph of the probing system is shown iruFegt.3. The probing system
is equipped witha long-working-distance, incoherent light interferen@nd a green LEDRhat

usesa monochromator as the illumination source. The probing systemsatspiged witha
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chargecoupleddevice (CCDJIRIS camera to collect digité#nages.In addition, it has six probe
modulesused to establish mecheal and electrical contacts with the microinstruments. Lastly, it
has an irbuilt vacuum pumpghatis used to genate the vacuum suction that holds the probe
modules andchip in place during the actuationf ¢he microinstruments. To autate the
actuation of the various microinstruments, the tegtrmgeduresvereexecuted using a scripting
environment called MEMSqut. The scripts usedbr testing the microinstruments not only

actuate thenbut also collect and store thatarequired

The testing procedure/as as follows. To actuate a cantilever beam, first, itsvigs
brought into contact with the substrate by [wirsg with the probe tipThen, the cantilever beam
was pushed along its length progressively at points closer to its anchor uméikin contact
with the substrate over almost its entire length shown in Fure 4.4. At this point, the probe
tip was retractedcarefully and slowly, whiclallowedthe cantilever beam to peel apart up to a
certain characteristic length called the crack length under the interference of its restoring. The
crack length exhibited by a cantilever beam depends on the integfeaparties of the two in
plane surfaces1 contact the bottom surface of the cantilever beamd the top surface of the
substrate. The crack length of each actuated cantilever b@sdetermined optically using

phase shifting interferometry.
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, Test platform

Figure 4.3. Photograph of the custebuilt probing system used to actuate the microinstruments

Anchor Ground Plane (Substrate) Cantilever Beam
| - ]
| | Y L) ILh

s

Figure 44. A schematic diagram illustrating the actuation procedure of a cantilever beam

(Ansari, 2011)



Interferograms of the selected cantilever bewmmre collected at different phase
increments. A fivepoint Hariharan phase shift calculatiowas performed using the
interferograms to collect h(x) dat&lariharan et al 1987) The experimental dataere then
fitted to a 3d polynominal equation and normalizedyigg the corresponding tf data The
apparent work of adhesiomas calculated using coefficients from the polynomial, as well as
material property and geometric information about the cantilever bBaendetailed modeling

and calculation will be discussed in Section 4.3.2.

4.3 Results and discussios

4.3.1Characterizations of nanoparticles and fabricatedMEMS testchips

Iron oxide nanoparticles synthesizkd the coeprecipitation method were characterized
using TEM. The TEM images and corresponding size distribution are shokiguire 4.5 (a)
From TEM image analysis via the ImageJ software, it can be seen that the particles synthesized
were faceted and polydispersgidnificantly in size. The iron oxide nanoparticlebtained had
an average size distribution of 5.8 = 3.7 nm.eTholydispersity and faceted nature of the
synthesized iron oxide nanoparticlésrived from the lack of control over the nucleation and

growth stages of nanoparticle growth in the coprecipitation method (Laurent et al., 2008).

Commercial iron oxide nanopéles of average sizes of 5 nm, 10 nm and 20 nm were
also characterized using TEM. The TEM images and corresponding size distribution are shown

in Figure 4.5 (b}(d). These imageshow thatall the commercialsampleshad monodisperse,
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spherical iron oxide nanoparticles. Thaverage size distributionf these particles using the

ImageJsoftware analysis shoed that theiron oxide nanoparticle samplesad average size

distributions of 5.2 +1.7 nm, 10.5 £1.8 nand 18.8 £ 1.2 nm, respectively which was well

within the rangelesired
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Figure 45. TEM images and size distribution of iron oxide nanoparticles: (a) synthesized

polydispersed, (b) commercial monodispergedm, (c) commercial monodispers&® nm and

(d) commerciamonodispersed®0 nm.

After the fabricated chipsvere cleaned,releasedand coated with various iron oxide
nanoparticles, the microinstruments on the ohgre checkedfirst under the interferometer.
Figure 4.6 shows a released cantilever beam array efcthip. It can be seen that the surface is
clean. Only very few black bulk aggregates exigtich are wafer dust from the dicing process.

The grey scalloped shadow on the left side under the device layer is evidence that the HF
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etchingwas sufficiento etch out the buried sacrificial oxide laybut notsomuch hat itcause

any damage to the actual devices.

Figure4.6. Interferogram showing a released cantilever beam array of the chip.

It should be noted that the presence of fringes on the camtbbe@ns shown in Fige
4.6 indicatesclearlythat they are not parallel to the substratee height profile of the cantilever
beamwas measured using interferometry, amdhown in Figre 4.7, which again proves that
the cantilever beams shown in &ig 4.6 are inclined upwards arslightly convex. This type of

upwardinclined and curved height profilgasobservedn all the cantilever beams on the chip.
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Figure 4.7. Height profile of the cantilever beam from Erg 4.6 obtained experimentally using

phase shifting interferometry.

The upward inclination of the released cantilever beams on the chip developed in this
studywasa consequence of the stregadient present at the interfacetloé sacrificial oxide and
device layes in their anchors. Thecurved shaperesulted fronthe internal moment induced in
them by the stress gradient presenthimdevice laye(Hoffman, 198). The stress gradient that
existedat the interface othe sacrificial oxide layer and deviaeay have beemduced by the
high temperature cycling to which the fabricated chigs exposedvhen the scalloped sidewall
test surfacesverepolished Therefore, to obtain an accurate estimate of the work of adhesion of

the in-plane surfaces using the cantilever beams of the chip dedellofdkis study, the effects



that the stress gradient present at the interfatieedfacrificial oxide layer and device laylead

on their initial (preactuated) height profildsad tobe consideredppropriately

The upward inclination along thentire kength of thecantilever beam rangaas
approximatelyl pm, which is not a veryarge change compared to 500 un, the length of the
beam.However,asthe cantilever beamw/erebent lecause of thadditional height due to their
upward inclination,they will store additional bending energy, as well as the work done to
counter the resistan¢e bendingof the stress gradiefmduced internal moment present in them.
Therefore, the additional worlequired tobring the tips of the upwasthclined cantilever beams
in contact with the substrate must be included in the estimate of the work of adbfethiem-
plane surfaces. This will be discussed in the following seotth the equations for the
calculation ofthe apparent work of adhesion. The equation usedis dtudyto estimatethe
apparent work of adhesion dfie in-plane surfacesook into account the restoring energy

requiredto counter the effects of the stress gradient.

4.3.2 Modeling ofapparent work of adhesion from contacting beam surfaces

A typicd MEMS switch is made of two conducting electrodes, one figed the other
movable. A voltage difference between the two electrodes causes the upper movable electrode to
move downward to the ground electradleoughelectrostatic attraction. At a certainltage, the
movable electrode becomes unstable and pullsito the ground electrode, which decredke
distance between them. Tretlucedseparation between the components reqliEMS designs

to account fothe intermolecular forces neglected whirey are still far part For separations
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lessthan 100 nm, the intermolecular force between two surfaces is simplified as the Van der

Waals attraction, which is affected by material properties (Ramezani 20@38).

anchor

beam adhesion area

Figure4.8. lllustration of cantiéver beam adhered to the surfédastrangelo et al., 1992

A typical cantilever beam in adhesion is shown in FiguB At a critical fipull-ind

voltage, the cantilever beam becomes unstable and collapses or adheres to the ground plane

spontaneously
In the adhesion area, the total force applied per unit length is:
0 "0 O %

whereF is the total force applied per unit length,i$the electrostatic force applied per

unit length and k is the Van der Waals force applied per unigin

The electrostatic force of the beami$
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The van der Waals force appliedi§:

£

whereV is the voltage applied, w is the width of the cantilever beam, u is the deflection
of the beam between zero atfrees t a n d i n gis theepergittivity of ftke spaceyp s
the length ofthe beam interactedand A is the Hamaker constargither ina single pair ora

combined relatioship (Ramezani et 312008).

As explained in Section 4.2.6, the CBAs of the fabricated test platform developed in this
studywerebrought ino contact with thesubstrate manually by pushing them down using a sharp
tungsten probe tip. No electrostatic fomwasintroduced in the actuation and analysiecedure,
andthus a calculation method based ¢me force balance between elastic energy and adhesion
energy sbuld be developedlhis test method first introduced kylastrangelo as a theoretical
method to measurethe surface energy of micromachined cantilever beams by balancing
mechanical forces Mastrangelo et gl 1992. This measurement technique considers the
equilibrium between the elastic energy in a deformed cantilever begrafid the interfacial

surface energthat promotesadhesion (i), which yieldsthe total mechanical energy balance:

Y Y Y - Qua 50 i 8
T O W[ L I T
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whereE i's the Youngdés modulus of the beam ma
thickness, respectively, L is beam length, s isdtaek lengthand u(x) is the deflection of the
beam. The crack length, is defined as the distance between the beam anchor point and the point

at which the beam comes into complete contact with the substrate.

Mastrangelo and Hsu developed the expresforu(x) (Mastrangelo et gl 1992 as

follows:

wherehg is the free standing heighldpnd m is a nordimensional number that describes

the shape of a deflected beam, 0 <m < 3/2.

At equilibrium:

- Tt Ta)
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The wsdulnessof this equation is limitedasm is not a fixed number and should be
determinedreadily for any shape of the adhered bedrherefore,an alternative mathematical

method for u(x) should be derived.

Kendall developed an alternative mathen@texpression by introducing the variation of
the function u(x). It begins similarly tihat of Mastrangelcand Hs@d # its total system energy

equilibrium approach:

0 Q Qo
¢ TQIi ‘o

Becausethe shape of a cantilever beam is dependent on the value of s, the beam
deflection functionu(x,s) is a function of botthe lateral positionx, and crack lengths. The

Leibniz integral rule is usei evaluate the derivative of u(x,s):

Q odi Qw T'dfl"Q"Q(ﬁ'dﬁ' d_ o x
Qi P YRR Qi

The height profile data collected using interferometry incthéd¢ateral beam positiqrx,
and thevertical beam positigrh(x). As the beam deflection function(x) = hh i h(x), where b

is the free standing beam height, it is clear that:

g3
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The height profile data for the deflecti@xpressiorcan be collectedlirectly from the
interferometry profiles. A normalize®rd-order polyomial fit on h(s,x) was performeand

yieldeda function of the form:
N- w- 0- O- © P

whereq i s a normalized di mensionless number:

Combining4.8, 49, 4.1Q and 411, the apparent work of adhesion can be expressed

0w we Lo I
a 5 P q
This equation can be usddectlyto determine the apparent work of adhesioswface

energy for any adhered cantilever beam, regardless of its shape, as long as the coeffiridnts a

& can be determined from experimental dhtt are scaled appropriately

The large surfacto-volume ratio of MEMS devices requiresnsiderationof various
force sources in device performanceMost MEMS tests are conducted in air at a relative
humidity (RH) ofapproximately30%, a typical ambient RH. It has been observedttieae isno
significant effect of RH on adhesion test results up to 80%f& surfacetreated MEMS

devices de Boer et al., 2000 Scanning probe studies between a hydrophilic and hydrophobic
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surface alsohave shown that the adhesion pudiff force is not dependenton RH for a
hydrophobic surfacéXiao et al., 2000 Therefore capillary condensation, which dominates the
adhesion of hydrophilic surfacesuch as uncoated Si (100) surfgakd not playa majorrole in
our experiments. The actuation of the cantilever besalpased on a mechanical process, which
indicates that elctrostatic forces in the contact zone should be insignificeamt.der Waals
forces, howeverhad to beconsidered irthe analysis obur resultsin a nanoscale regime, the
van der Waals contribution across contacting and-aumtacting areas requgesven more
attention.The adhesionderivesfrom the van der Waals interactigrnghich are contributed by
interactions between contacting asperities and-aomtacting van der Waals attractions.
According to previous reports (DelRio et al., 2008)e fraction of the contribution to adhesion

from these two sources will diffext different separation distances

One of the adhesion sources is the van der Waals forcettfinon-contacting portion

of thesurfaces. The adhesion energy per area in this case $dath@wequation:

0Q0 p P P P ® 0
pt O 0O Q 1 0 0 0 0

where D is the mean separation distance between two rough surfacasd Hp are the
thicknesses of the coated nanostructure filmand A is the Hamaker constante(B) is a
correction function based on separation distance that describes the retardation of van der Waals

force (Anandarajah et.all995).
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p is a constantvhich equast o o/ av h e o s defined ashe London characteristic
wavelength, often assumed to dpproximatelyl00 nm. It is obvious thate@) approaches

unity when D becomes very small, whiindicates the neretarded van der Waals interaction.

When the surfaces are rough and the-oomactingareaof the surface is relatively
distant the van der Waals force from the dispersed contacting pointcoatwibutesmore. In
this case, the adhies contribution can be expressed as follows:

oYY

Lt eY Yo U

wheren is theaverage summit density in contaétis theHamaker constanR: and R
are the curvature radii of the contacting asperities o Botfaces,and de, is the cutoff

separation with a typical value of 0.2 nm.

The total adhesion energlerivesfrom van der Waals energy boffom the areain
contact and that not in contadthe norcontactingarea nc, s affectedprimarily by the mean
plane separation distance between two surfaces and deaagaidgswith increasing separation.
Theareain contact ¢, is affectednoreby the real contact area and the densithetcontacting
species. Thereforevhen two different contactsccur, asn Fig 4.3,the contribution from the
nontcontacting and contacting partsan be calculated. By using experimental data, the
contribution ofthe non-contacting part can be estimated aethovedfrom the total adhesion

energy, leaving only theontributionof the part incontact. Thepafair comparisorcan be made
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bet ween t hese Aanergieshased oa the reahsdirfaceontaat area and surface

asperity density.

4.3.3 Tribological effect ofcoatings based on sizearied nanopatrticles

A systeméic study of the morphologicaleffect of varying thesize of nanoparticles
deposited on Si (10@yaferswasconductedn Chapter 3The morphologychanges induced by
the size of nanoparticles emphasiziee importance of the size tife nanoparticles inveledin
film deposition andlemonstrate the possibilityof achievingbetter control bthe films formed.
Therefore, in this sectigthe size effect of nanoparticles on tribologgsstudied by depositing
sizevaried iron oxide nanoparticles on the Si (L1@®I wafersAs discussegreviously these
new single crystalline devices are extremely smooth (ca. 0.2 nm). Therefore, gostagated
that nanoparticles shoul@ffect the device tribology by increasing the surfaoeean plane

separatiorand reducingtte real area afontact.

For referencepneuncoatedclean Si (100) SOthip was testedust after releasing and
surface oxidationand the apparent work of adhesiaas measuredThe interferogram othe
actuated cantilever beams on the uncqatks@nSi (100) SOI chip is shown in Rige 4.9. The
AFM image and line profile of the scanned AFM image are shown iré&4g10. It is clear that
the surface is very cleawith anrms surface roughness of only 0.2 niiter the cantilever
beamwas actuated, tb height profileof the actuated beamas obtained experimentally using
phase shifting interferometrandis shown in Figire4.11. Most of the cantilever beam is stuck

to the substrate and the crack length of the cantilever bemsmeasured to be 130 H1um.
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This is very short, indicating an extremely high apparent work of adhesion. The apparent work of
adhesion measured using theerferogramsvas 38520 +5300 w/nf, which is very close to the

value reported(Ashurst et al., 20Dg). This againprovedthat the release and actuation of the

microinstrumentsvasreliable and can be used as a good reference sample.

Figure4.9. Interferogram showing an actuated cantilever beam array of the uncoated chip.
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Figure4.10. AFM scan and line profilef uncoatedi (100) SOI chip surface
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Figure 4.11. Height profile of the cantilever beamf uncoated Si (100) SOI chip surface after

aduationobtained experimentally using phase shifting interferometry
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Next, iron oxidenanoparticlesof different sizeswere deposied on thereleased chip.
Various iron oxide nanoparticlegereused for the surface coatings, including polydisperased,
commercial monodispersed iron oxide nanoparticles of average sizes of 5 nm,a@ 2@ nm.

As an examplethe interferogram ofthe actuated cantilever beam array on the chip coated by
polydispersed iron oxide nanoparticles is shown inufggt.12. Now, the crack length is
significantly longer than that of the uncoated chip, resulting in a lower apparent work of
adhesionAll the aduated cantilever beamexcept the top onshow cracks ofsimilar lengths,
which is probably due to the potential large particulasseatithe beam near the crack region
which prevented the beam from making contact and sticking. It is also worth tiodinthe
surface is stilelatively clean, without too many visible particle aggregates. Trdgatesthat

the concentration of the initial iron oxide nanoparticle solutvas controlledvell.
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Figure 4.12. Interferogram showing an actuated cantitelgeam array of the chip coated with

polydispersed iron oxide nanoparticles.

The AFM scan, corresponding line profile and height profile of the cantilever beam after
actuation from interferometry of chips coated with various iron oxide nanoparticlesoaneish
Figures 4.13 to 420. To coat iron oxide nanoparticles of 20 nm, the coatga very low

concentration is shown here. The concentration effect will be discussed later.
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Figure 4.13. AFM scan and line profile of polydispersed iron oxide nanogartioated chip

surface
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Figure 4.14. Height profile of the cantilever beamf a polydispersed iron oxide nanoparticle

coated chip surface after actuation obtained experimentally using phase shifting interferometry
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Figure 4.15. AFM scan and line prdé of 5 nm monodispersed iron oxide nanopartictated

chip surface.
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Figure 4.16. Height profile of the cantilever beanof 5 nm monodispersed iron oxide
nanoparticlecoated chip surface after actuation obtained experimentally using phase shifting

interferometry.



250 500 750 1000
Lateral Position (nm)

Figure4.17. AFM scan and line profile of 10 nm monodispersed iron oxide nanopeacbelked

chip surface.
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Figure 4.18. Height profile of the cantilever beanof 10 nm monodispersed iron oxide
nanoparticlecoated chip surface after actuatiobtained experimentally using phase shifting

interferometry.
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Figure4.19. AFM scan and line profile of 20 nm monodispersed iron oxide nanopecbelked

chip surfacetvery low initial concentration.
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Figure 4.20. Height profile of the cantilever beanof 20 nm monodispersed iron oxide
nanoparticlecoated chip surfacat very low initial concentration after actuation obtained

experimentally using phase shifting interferometry.



rms surface roughnes:

Average crack length

Apparent work of

(nm) (pm) adheson (W/m?)
Uncoated Si (100 0.20 £0.04 130 £15 32520 £5300
Poly 3.42 £0.21 278 +23 1962 +127.5
Mono 5nm 2.83 £0.23 258 £27 1483 £296.9
Mono 10nm 4.82 £0.35 314 £36 788.3 £92.1
Mono 20nm
6.24 £0.51 432 £28 369.4 £77.2
Very Low

Table4.1. Rms surface roughness, average crékgths,and the calculated apparent work of

adhesion valuesbtained fronsizevaried iron oxide nanoparticleoated cantilever beam arrays.

As discussedpreviously nanoparticlefiims are sufficient to reduce tls adhesion
significantly by providing rough, low energy asperities. The typical apparent work of adhesion
between uncoated Si (100) cantilever beams and the underlying subs@stepproximately
37000 p/nt (Ashurst et al., 2008). In Figures 4.13 to 420, the shortest adhered crack length
among all the actuated cantilever beam arvegs approximatel250 pm, twice the crack length
of the actuateduncoated Si (100) cantilever beaim.their initial state the Si (100) beamisent
upward slightly becaus of residual stress. However, this residual strésnot affect the

actuation and analysis of the beam adhesion.
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The rms surface roughness, average crack lengths, and the calculated apparent work of
adhesion values aftanalyzing the cantilever beamrays coated with sizedaried iron oxide
nanojarticles are summarized in Tablel4The highest apparent work of adhesitamivedfrom
the cantilever beams coated with polydispersed iron oxide nanoparticles, the value ovaghich
approximately2000 p/n?. This value is 95% less than thataof actuated uncoated Si (100)
cantilever beamsuggestingthat the nanoparticle coating reddcthe adhesion between the
cantilever beams and the substreffiectively. The lowest apparent work of adhesisas found
in the cantilever beams coated with monodispersed 20 nm iron oxide nanopattieegs low
concentrationwhich reduced the adhesion 89.5%. While this valueavasstill higher than the
apparent work of adhesion reportgenerallyfor polysilicon deviceqHurst et al., 2000 it is
important to note that the lghbricated Si (100) iplane surfaces are inherently smoother than

arecommon polysilicon surfaces and, therefore, exhibit much higher adhesion energies.

The reduction in adhesiowas related significantly to the topography of the coated
surfaces, whichwas affected by the size of the nanoparticl€sgures 4.13 to 420 show
topographic AFM images of chips coated with various iron oxide nanoparticles. Dark/bright
areas correspond to low/high regioris can be seen from all AFM images that the surface
consistf grains of nanoparticles. Grain boundacas be seeonlearly andshowthat the grains
range in size typically from 10 nm to 50 nm laterally, with sphdree boundaries. The
polydispersedanoparticlecoatedchip exhibitedsmaller grain boundarieas expectedyecause
of the existence and precipitation of smaller nanopatrticles in the initial coating solution. The
monodispersed nanopartiateated chips shosd more distinct particlasperites on the surface,
andsimilar resultsvere demonstrateith Chapter 3. This result agagmovedthat control 6 the

nanoparticle size distribution and the average size atteetfinal morphology.
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The height range of the topographgsapproximately 30 m to 40 nm for all the coated
chips. To characterize this more generally, thes surface roughneswas measured for all
surfaces ants summarized in Table 4.One can see th#te rms roughness valuggreaseds
the size ofthe monodispersed iron oxéd nanoparticlesncreased indicating the roughening
effect of the larger size nanoparticles during the GXL process. However, it should be noted that
the rms surface roughness valueagdolydispersed nanopartictmated surfacéy between the
values ofthe surfaces coatedith 5 and 10 nm monodispersed nanoparticles. Tivasno clear
trend in the rms surface roughne#isat correspondedtb the size ofthe nanoparticles here.
Therefore,rms surface roughness is still a useful general surface pararafteugh other

parameters should be used for the adhesion analysis based on topography.

Rms surface roughness is a lengnge parametecharacteristic ofsurface roughness.
However, when the rough surfaces are brougdltaontact, the highest structuresvadusly will
be the ones that come into contlgt with the counter surfacendfriction, stiction andwear
will occur Lower asperitiegventuallymaycome into contaat the surfaces areeducedurther.
Therefore,the rms roughnessvalue taks into account allof the asperities at various height
while the surface adhesion may not be affected by all of them directly. From the AFM images, it
can be concluded thasperities of various sizegeredistributedrandomly onthe entiresurface
andall of the surfacéhad relatively nondistinguishable surface rougbssstructures at different

scales.

Average crack lengths and the calculated apparent work of adhesion values are
summarized in Table 4. Now, the trendshows thatas the average size tife nanoparticles

increases, the apparent work of adhesi#creased For the polydispersed iron oxide
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nanoparticles, even the coated surfaed a higher surface roughnesmd still possesd the
highest apparent work of adhesion among all the coated drhpsefore, calculation based on
Chapter 2wasintroduced to all the surfaces here and the corresponding results are summarized

in Table 42.

There aresome clear trends here among surfaces coated with nanoparticles of different
sizes. The deposition of ggdispersed nanoparticlggoduceda rougher surface, whialesulted
in more summits per unit area. Thigs likely becauseof the smaller size of the particle
asperities. The summit densigcreaseas the size othe nanoparticlesncreasedThe average
summit radius of this surfacgasthe smallest compared to other particdeghened surfaces.
The average summit radiuscreasedas the size othe nanoparticlesncreasedas well. These
valueswereaverages of all summits, ameéresimilar to the size bthevisible particle asperities
on the surface. The roughened surfaces alsoethawascending trend in the standard deviation
in summit heights. Thisvasconfirmed by the average height of the AFM scans, or the height
scale of the AFM images and thelamocontous. All of the results shown above indicatdat

the calculation for these coatingssa good estimation for realistic surfaces.
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Poly Mono 5nm Mono 10nm Very Low
Average summit
+ + + +
density (/urr?) 296.9+ 32.3 207.7+ 24.9 89.2+9.0 55.7+5.3
Average summit radius
verage summit radits - 45 1433 50.9+ 3.5 80.1+ 6.2 83.2+ 5.1
(x10% pm)
Us, standard deviation
of summit height 3.04+0.42 3.51+0.24 3.99+0.53 5.30+0.74
distribution (x10°pm)
Average number of
summits in contact 47.1+5.1 39.3£4.0 141+ 1.4 8.84+0.84
(/km?)
Ratio of true to
apparent contact aree  1.01+0.19 0.87+0.16 0.74+0.14 0.64+0.12
(%)
U, bandwi d 4.42+055 3.58+ 0.44 2.86+ 0.35 2.35+£0.28
Mo (x10° um ?) 11.7+0.7 8.1+0.6 23.2+1.6 45.4+ 3.4
my (x10%) 25.6+1.8 18.1+1.4 23.7£1.9 35.0£25
my (/um?) 248.3+19.7 146.4+ 9.5 68.9+ 5.4 63.7+4.0

Table 4.2 Surfaceparametersalculatedor coatingsof sizevaried iron oxide nanopatrticles.

Significant contrast among the surfaces coatedrday oxide nanoparticles of different

sizes can be analyzetw. From theperspectiveof the longrange roughness parameters, the

size variationproducedrougher surfaces, yet theveere slightly fewer summits per unit area.

This waslikely becausef the ncreased size of the grain boundaries. The average summit radius

increased by a factor of 3 for the roughened surfaces. The ratio of true to apparent contact area

was affected by the combination of summit densttye standard deviation in summit heights
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andthe average summit radius. The standard deviation in summit heightheateaseds the
size of the iron oxide nanoparticlexreasedIn combination with the smaller summit density,
this produceda descending trenith the average summit density montact. The ratio of true to
apparent contact aregassmall for all the surfaces, which is a typical and important result for
rough surfaces. As expected, the apparent work of adhdsiaeaseds the ratio of true to

apparent contact arelzcreased

/&
] 6’,/ d o Poly
14,7 > Mono 5nm
z ~ Mono 10nm
o Mono 20nm Very Low
1 e — —
0.01 0.1 1

Lateral Length (um)

Figure4.21. Experimental HHCF data for coatings of siaeied iron oxide nanoparticles. Lines

are corresponding HHCF curves calculated using proposed HHCF model fitting.
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The experimental HHCF curves from AFM data and corresponding HHCF curves by
modelfitting are plotted in Figure 4.21. The fitting curves and the experimental dataedatch
well, which indicatedthat the surface®btainedcan be quantified using parameters from the
HHCF analysisThe rms roughness, autocorrelatiemgths,and roughnessomponent values
from the HHCF model are summarized in Talfle8. All values herewere calculatedbased on

the previous HHCF analysis.

Autocorrelation

Size of NPs (nm) rms roughness (nm) Roughness exponen
length (nm)
Poly 3.42 +0.21 145+15 0.485 +£0039
Mono 5 2.83 +0.23 39.1+£2.7 0.747 £0.042
Mono 10 4.82 £0.35 54.8 4.4 0.822 £0.048
Mono 20 Very Low 6.24 £0.51 50.8 +4.3 0.843 +0.056

Table 4.3.Surfaceparametergalculatedfrom the HHCF model for coatings of siagaried iron

oxide nanoaprticles.

As discussed in Chapter 3, the autocorrelation length can be used to determine the spatial
variationin the lateral directionA higher T value indicates that the surface height variations are
correlated within this length range. From Uiig 4.21, it can be seen that film formed by
polydispersechanoparticlehad the lowest autocorrelation length, whiokcurred becausthe

smallsized particles on the tgmrecipitatedfrom the gasexpanded liquid under high pressure.
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As the size ofthe iron oxide nanoparticlesincreased the autocorrelation lengthnd the
roughness exponeitcreasedThe autocorrelation length can be interpreted as the average grain
size of the particle aggregates on the surface. This nagidatedthat the original particleize
did affect the final particulate size on the surface, whiemived from the particleparticle
interactions during the GXL process. The valueshefroughness component also stealan
increasing trendlThe hgher roughness exponamflectsthelower local surface asperitieghich

areassociated with smootheshortrange surface topography.

The size effect on the nanoparticle film formatiwas evaluated in Chapter 3. The film
formation mechanism is determingidermodynamicallyby the experimental cdlitions. The
critical surface tension of oleic acid, the ligand on the iron oxide nanoparticles, is 32.5 dyn/cm
(Chumpitaz et al., 1999Yhis value is higher than that thie gold nanoparticles useateviously
However, compared to the SAbbated Si sultsate used in Chapter 3, the MEMS deweas
coated with a native Siayer, the surface tension of whigfas approximatelyl40 dyn/cm.
The surface energy of the substrates much higher than that of the iron oxide nanopatrticles,
andtherefore the film formation herdollowed the layefrby-layer mode of growth, dhe Frank
van der Merwe growth mechanisithroughthis mechanismhecause ofhe high surface energy
of the native Si@substrate, monolayers of particles formed ldygtayer, the completenesd
which waslimited by the total number of particles available. Based on the experimignigold
nanoparticle coatings, Wwasconcluded that the concentration of the initial nanoparticle solution
should not be too higlotherwise nanoparticle aggretjan becomes dominant, which results in
larger asperities. Larger structural shapes will affect the quantitative anaflylses surfaceand

the shorrange details may not be visibl€herefore,the concentration of the initial coating



solutionwascontmolled well in this chapter for the size effects of the nanoparticlesgarethat

relatively smooth layers of nanoparticlesreachieved.

Nanoparticles Size of NPs Avera_ge summit Autocorrelation
(nm) radius (nm) length (nm)
Poly 5.3+ 3.7 42.1 £3.3 145+1.5
Mono 5 5.2+1.7 50.9 £3.5 39.1+2.7
Mono 10 10.5+1.8 80.1 £6.2 54.8+4.4
Mono 20 Very Low 18.8+1.2 83.215.1 50.8+4.3

Table 4.4. The original average size of iron oxide nanoparticles, the average sadusiand

the autocorrel@&n length values for coatings of sizaried iron oxide nanopatrticles.

For the film deposited by nanoparticles of different sizes, the final morphology is affected
by the competition between the partiglarticle attraction and partickurface attractionAs the
nanoparticle size increases, the partfideticle attraction becomes more significainan the
particlesurface attractionwhich resultsin a morphologythat consistof particle grains, the
scale of which is affected by the sizetloé nanopaiitles. Similar resultsvereobtainedhere for
films formed by iron oxide nanoparticles. The original average sizeghefiron oxide
nanoparticles, the average summadius, and the autocorrelation length values of various
nanoparticle coatings are summzad in Table 4.4There was &lear increasing trenth the
average summit radius and the autocorrelation lengths as the original averagetisezieoof

oxide nanoparticlesicreasedValues of the average summit radius typicallghigher thanare
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thoe of the autocorrelation lengths. This is because the average summit radius is calculated
based on the curvature of the surface asperities, while the autocorrelation length is analyzed
directly in the 2dimensional planeThereforethe radius will be higér than the apparent grain

size because ofthe varied curvature of the asperities. It is worth noting that these quantitative
parametersdid not increase linearly with the original average particle ,smé reaclked a
maximumat approximately80 nm and 50im forthe average summit radius and autocorrelation
length respectively. Thisndicatedthat there is a size limit for the partigdarticle interaction

before the system becomes unstable. The size limit can be affected leprididons in the
processthe threshold nanoparticle size under different applied @@ssures and the size of
particle aggregates due to the mwetarded van der Waals attractive force between dispersed
nanoparticles. When the sizetbginitial iron oxide nanoparticles is rete¢ly small, the van der

Waals attractive force between dispersed nanoparticlesak,and the particle aggregates will
remaindispersed in the GXL solution until the threshold precipitation size ismgached. On

the other hand, if the size diie initial iron oxide nanoparticles is large, the van der Waals
attractive force between patrticles is strong enough to form larger aggregates, the size of which
reacheghethreshold precipitation size limit under lower £@essure and accelerates the GXL

basel precipitation process.

It is knownwell that van der Waals forces cannot be eliminated and have a fundamental
effect on the adhesion between MEMS surfaces. These forces can be reduced by several orders
of magnitude becauseof microscale surface roughneswhich is a consequence of the
morphology of thestructural materialsieposited and processedbsequentlySeveral existing
models of rough surface adhesion assume that only areas in direct contact contribute to adhesion

because they deabrmally with microscale roughness. However, surfaces that normally exhibit
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nanoscale roughness usually have-nontacting portions of the interfatieat areseparated by
less than 100 nm. Within this separation ramye must consider thelevance of retarded van
derWaals forceCalculationshave been made regarding the relative role of normal and retarded

van der Waals forces at adhered MEMS interfé¢DetRio et al., 2005)

Retarded van der Waals interaction:
A

LT ™ T

Normal van der Waals interaction:

AR
Ye =124,

per particle pair

Figure 4.22. Contributions of adhesion from rammtacting portions and contacting aspesit

The adhesionderives from the van der Waals interactiokat are contributed by
interactions between contacting asperities and-auomacting van der Waals attractions. At
different separation distances, the fractiomhafcontribution to adhesiomdm these two sources
will differ. The retarded van der Waals force frane non-contacting portion othe surfaces is
affectedprimarily by the mean separation distance between twecootacting surfacesvhile

the shape of the asperities and the avesagamit density in contaetffects he normal van der
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Waals force from dispersed contacting asperities (Figure 4.22). With the assumption that the
mean separation distance is less than 100 nm and the r#ia# pbints incontact are the same,
the total pparent work of adhesion can be expressed as the suhe cbntributions from

retarded and normal van der Waaleractiors:

where Dyeis the mean separation distance between two rough surfaces, A is the Hamaker
constant, n is the average summit density in contact, R is the curvature radius of the contacting

asperitiesanddco is the cutoff separation with a typical value of 0.2 nm.

The paameters based on the surface quantitative analgsithe apparent work of
adhesiorcalculatedbased on retarded and normal van der Waals interactions are summarized in
Table 45. Several previous report&veindicatel that the adhesion energgcreaseby pfO
at small separation rargeéf retarded van der Waals interaction plays the dominant role.
However, the experimental resutt&l not show this trendandinstead, thecalculations shoed
that the contribution from the retarded van deralanteractiorwasno longer significantand
instead,the @ntribution from normal van der Waals interaction between asperities in contact

be@me the main source of the adhesion.
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Retarded Normal

Apparent Apparent
Surface PP Average Average work of
work of . . 4 ;
Dave (NM) : summit radius summit adhesion
adhesion 3 :
(calc.) (Wn?) (x10” pm) density (/pm) (calc.z)
(H/m")
Oxide 0.4+0.1 22282+ 4416 - - -
Poly 51+£05 214+ 40 42.1 £3.3 296.9 £32.3 1544145
Mono 5 7.3+0.8 113+ 22 50.9 £3.5 207.7 £24.9 910+106
Mono 10 10.1+1.1 56.3+12.1 80.1 6.2 89.2 £9.0 623178
\'>"°”° 20 107+17  486:152 832151 55.7 +5.3 406+45
ery Low

Table 4.5.Apparentwork of adhesiorcalculated on thdéass of retarded and normal van der

Waals interactions

The calculated and experimental values are plotted in Figure 4.23 for comparison. The

apparent work of adhesion tife uncoated Si substrateasnot plotted for claritypecause oits

high value. It has beeproventhat when the Reis lower than 5 nmmost ofthe adhesion
derivesfrom the noncontacting surfaces. The apparent work of adhesalaulated for the
uncoatedsmooth Si wafer using the retarded van der Waals interawiisithe highest among

all the samples. This calculated valuasstill lower than the experimental value, indicating that

the actual separation distance nieywebeen overestimated. For atif the surfaces coated with

iron oxide nanoparticles, 42 was increasedsignificantly by the roughening effect. Nqvthe

non-contacting pdion of the surfacesvasnot the dominant contributiorandthe model of the
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adhesion can be simplified as rough surfaces with contacting asperities. Surface coated with
polydispersed iron oxide nanoparticles which has a relatively smooth surface ow898flof

its total adhesion to retarded van der Waals interactions. At lagge dDrfaces in contact
become the largest contribut®4.5% of the total adhesion dfe roughest surfacevhich was

coated with monodispersed 20 nm iron oxide nanopartideattributableto normal van der
Waals interactions. Hence, atlarger mean plane separation, the adhesion of these surfaces
beganto fall within the scale of conventional adhesion models that take into account adhesion at

points in contact.
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E m Experimental
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Figure 4.3. Calculated and experimental values of apparent work of adhesion for coatings of

sizevaried iron oxide nanoparticles
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Figure 4.23howsthat the experimental valuegerelarger tharthe calculated values for
most of the coatings he explanatiornthatwe believe is the most probable is that the alignment
between hills and valleysausedthe actual surfaces to be closer proximitythan in the
calculations. This phenomenon may have several effecestimaés of adhesion. First, closer
contactbetweentwo surfaces may decrease the surface separations by certain amdictis
clearlywould underestimate the adhesmeasuredMoreover, both the average summit density
and the summit radius affettte contact area in the calculations. When the surfacdz@ught
into closerproximity, asperities that are not alignedth valleys may come into contact and

increase the actual summit density.

By using sizevaried iron oxide nanoparticles vthe GXL deposition technology, the
surfaces of MEMS devices can beateduniformly with these nanoparticle3he nean plane
separation distance between two contacting surfaces can be increhagedhe contact area is
reduced by altering the summit density and radius, which are affected by the averagehsize of
initial nanoparticles. Based on the experimental results and theoretical calculations, the
decreasg plane separation willreduce the retarded van der Waals interactigdhgreby
diminishing the contribution othe non-contacting portionto adhesion. On the othéand,
normal van der Waals interactions between contacting asperities are affetiteddybination
of the average summit density and radius, which plays the dominantirralee adhesion.
Changng these parameters will affect the total effects of radrand retarded van der Waals

interactions between contacting asperities, leading to eeldwathesion.
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4.3.4 Tribological effect of coatings based on monodispersed nanopatrticles with varying

initial concentrations

Based on the results obtainedthe previous section, itvasconcluded that the apparent
work of adhesion can be reduced by using iron oxide nanopatrticles of larger average diameter.
As discussed in Chapter 3he effect of concentration is associated with the J@mge
roughness properties. i§ worth varying the initial concentration tfe monodispersed 20 nm
iron oxide nanoparticles taeterminewhether the size and concentration effeatan be
combinedto achievegreater reductions iadhesion. However, it has been proWeat when the
initial concentration is too high, the nanoparticle aggregation becomes domntgmioduces
larger asperities. These naniform aggregates have negatigfects on the surface coating,
such aliminatingshortrange details androducinginstability in suface structuresTherefore,
during the GXL deposition process, the initial concentration ramggcontrolled strictly to

ersurethatno large agglomerates exadton the final coatings.
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Figure 4.24. AFM scan and line profile 20 nm iron oxide nanoparticleoated chip surfacat

low concentration.
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Figure 4.25. Height profile of the cantilever beam of 20 nm iron oxide nanopadiated chip
surface at low concentration after actuation obtained experimentally using phasenghift

interferometry.
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Figure 4.26. AFM scan and line profile of 20 nm iron oxide nanopaitid¢ed chip surfacat

medium concentration.
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Figure 4.27. Height profile of the cantilever beana@D nm iron oxide nanoparticleoated chip
surfaceat medium concentration after actuation obtained experimentally using phase shifting

interferometry.
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Figure 4.28. AFM scan and line profile of 20 nm iron oxide nanopaitid¢ed chip surfacat

high concentration.

3_
g
225 -
=
S 2 -
=
3
S 1.5 -
£
o 1-
(an]
= 0.5 -
i
ED | | | | |

0 100 200 300 400 500

Lateral Beam Position / um

Figure 4.29. Height profilef the cantilever beam @20 nm iron oxide nanoparticleoated chip
surface at high concentration after actuation obtained experimentally using phase shifting

interferometry.
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Figure 4.30. AFM scan and line profile @20 nm iron oxide nangarticlecoated chip surfacat

very high concentration.
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Figure 4.31. Height profile of the cantilever beana@D nm iron oxide nanoparticleoated chip
surfaceat very high concentration after actuation obtained experimentally using phase shifting

interferometry.



In the previous section, coatifigised ormonodispersed0 nm iron oxide nanoparticles
producedhe greatest reduction iadhesionTherefore this set of nanoparticles and solutions of
nanoparticles with varying initial concentrationss usa in the GXL deposition process and
deposited on the released chip. The AFM saraghcorresponding line profile and height prodle
from interferometryof the cantilever beam after actuation of chips coated with monodispersed
20 nm iron oxide nanoparticled varying concentrations are shownFigures 4.24 to 4.31. As
expected, the shortest adhered crack length among all the actuated cantilever beawaarrays

approximately3800 pm, indicating a good reduction the adhesion.

rms surface rodgness  Average crack length Apparent work of

Concentration
(nm) (pm) adhesion (/)
Mono 20nm
7.65 +£0.77 356 +53 533.1+116.4
Low
Mono 20nm
5.98 £0.43 342 +54 570.7 £103.9
Medium
Mono 20nm
4.47 +0.36 297 +26 923.6 £118.2
High
Mono 20nm
6.49 £0.79 325 +89 382.5+176.8
Very High

Table 46. Values of rmsurface roughness, average crack lengthd calculated apparent work

of adhesion obtained from iron oxide nanoparticle coatwgarious concentrations.
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Thevalues ofrms surface roughness,amage crack lengthand the calculated apparent
work of adhesiorafter analysis of the cantilever beam arrages summarized in Table 48ome
of theresultsexceedeaur expectationsA reductionin adhesioroverall wasachieved for all the
coatingsat varying concentrationsndicatingthat the size effect stilperatesere. However, the
lowest apparent work of adhesiderivedfrom the coatingat very low concentration. As the
concentrationincreasedthe apparent work of adhesion aldwwedan inceasing trendexcept
for the coatingat very high concentration, whidmadan apparent work of adhesiemilarto the

coatingatvery low concentration.

The reducedadhesionwas related to the topography of the coated surfaces, whash
affectednow by the initial concentration ahe nanoparticle solutionAs discussegthe variation
in the concentrationof the initial nanoparticle solutiofacilitates obsenation of the growth
process, which is determined by the surface chemistry. In Chapter 3, theesterfision of the
substratevas onthe same ordeasthat of the gold nanoparticle and the film formatfoliowed
the StranskiKrastanov mode, where monolayesgre formed with some thredimensional
aggregate growth on top. For the MEMS system investiym this chapter, the surface tension
of iron oxide nanoparticlesasdetermined by the stabilizing ligands, whieas32.5 dyn/cm for
oleic acid(Chumpitaz et al., 1999This value is higher than that tfe gold nanoparticles used
in previous chapterHowever, the substrate used in MEMS devicemigncoated Si wafer with
a thin oxide layer on top, the surface tension of which is around 140 dyn/cm. For this iron oxide
nanoparticleSi system, the surface tension of the substrate is much highethditaof the
nanoparticles, leading to the Fram&n der Merwe film growth mechanism. In this mechanism,
particles attach prefeeentialy to the surface sites, resulting in laymr-layer film formation.

From the AFM image#n Figures 4.24 to 4.31, itis clearthat the surfacevas covered impart
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with iron oxide nanoparticle films. Based on the line profiles, the avehajght of the
nanoparticle islanavas approximatel20 nm. The AFM analysisonfirmedthat thethickness of
the incomplete nanoparticle layewas relatively similar to the diameter of iron oxide
nanoparticles, indicating that the nanoparticles &mna submonolayer on the substrate
following the Frankvan der Merwe growth model. As the concentratiooreased the
monolayer coverage on the strigeincreasegdwhile the thicknessemained the sam@t a very

high concentration, multilayeriseganto form on the surface, resulting in irregular structures.

In thetopographical transition frorthe submonolayer to monolayer, the rms roughness
valuesexhibited a direct correspondence with thambersof nanoparticles deposited on them.
As shown inTable 4.6, the rms surface roughnggseasedvith anincreasan the concentration
of the initial nanoparticle solutionandthe submonolayer surface cevageincreasedas well.
When the concentratioexceeded certainlevel, the nanoparticles depositbeganto fill the
surface, thereby decreasing its rms roughressause othe surface smoothing effect. This
transition is illustrated in Figure 4.32, e#te the red line indicates the actual surface line profile
usedto calculaterms surface roughness. Based on the diagrams in Figure 4.32, a simple
analytical modeWwasused to calculate the theoretichlange irrms surface roughness vkat in
the surfae coverage. The calculatidoegan by placing monodispersed 20 nm nanoparticles on
the surface one by one to fill the whole surfaater whichthe surface height profilevas
extracted and rms surface roughnesscalculated after each particMasplacedon the surface.
The value<alculatedand the experimental results are plotted in Figure 4.33. It can be seen that
the experimental values and their tremgere similarto the calculated curve, proving the growth

of monolayer nanoparticle films.
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Figure 432. A schematic explanatiaf the roughness of the nanoparticle monolayer. The red

lines shown in all the diagrams represahée surface profile obtained from AFM data.
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