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Abstract

The emergence of miniaturization techniques for consumer electronics has brought forth
the relatively new and exciting field aficroelectromechanical systefMEMS). However, due
to the inherent forces that exist between surfaces at the -naintbnanoscale, scientists and
semiconductor manufacturers are still struggling to improve the lifetime and reliability of
complex microdevices. Due to the extremely large sarfaeao-volume ratio of typical
MEMS and microstructured surfaces, dominant interfacial forces exist which can be detrimental
to their operational lifetime. In particular, van der Waals, capillary, and electrostatic forces
contribute to the permanent fasion, orstiction of microfabricated surfaces. This strong
adhesion force also contributes to the friction and wear of these dilas®d systems.

The scope of this work was to examine the effect of utilizing nanoparticles as the basis
for roughening surfaces for the purpose of creating films with -dhesive and/or
superhydrophalb properties. All of the studies presented in this work are focused araasl a
expanded liquid(GXL) process that promotes the deposition of colloidal gold nanoparticle
(AuNPs) into conformal thin films. The GXL particle deposition process is finalized by a critical
point drying step which is advantageous to the microelectromechanical systems and
semiconductor (IC) industriesIn fact, preliminary results illustratethat the GXL particle
deposition process can easily be integrated into current MEMS microfabrication processes.

Thin films of AuNPs deposited onto the surfaces of sikbased MEMS and tribology

test devices were shown to have a dramatic effect on the adhesion of microstructures. In the



various investigations, the apparent work of adhesion between surfaces was redueéd by 2
orders of magnitude. This effect is greatly attributed to the rougbegfithe typically smooth
silicon oxide surfaces which, in turn, dr amat
two contacting surfaces. The studies found that AuNP thin films produced using the lowest
initial concentrations of nanoparticlessalution produced estimated real contact areas of around
1%, reducing the adhesion of oxidized Si (100) surfaces from &¥untJ/nf down to 0.02
mJ/nf. In addition, the reducing in real contact area effectively reduced the coefficient of static
friction between silicorbased surfaces due to the extremely high dependence of stiction on
friction and wear at the microscale.

This work also investigated methods of permanently immobilizing Abbied films on
the silicon surfaces of microstructures in oradecteate more mechanically robust coatings. The
use of organic sefissembled monolayers (SAMs) functionalized with-gadups known to
bond to metallic surfaces were effective in producing much more durable coatings as opposed to
nortimmobilized AuNP fims. Chemical vapor deposition (CVD) techniques were also used to
coat rough AuNP films with very thin films of silica (SjOto create a robust, rough surface.
This method was also very effective in creating a durable coating which is capable ofgeducin
the adhesion energy and friction between two microscale surfaces for extended periods of time.
Similar CVD techniques were also used to begin investigating the production of alumina
nanoparticlebased superhydrophobic films for use in consumer elecsoni

Overall, the work presented in this dissertation illustrates that engineered nanoparticle
based surface modifications can be extremely effective in the reduction of the inherent interfacial
phenomena that exist on microfabricated systems. This isarkn potentially lead us into a

new age of the miniaturization of mechanical and electronic devices.



Acknowledgements

First and foremost, | nai thank my advisors Dr. Chris Roberts and Dr. Bshurst for
giving me the opportunity to work on a fundamentally new and challenging project. They were
both available whenever | needed scientific advice or the occasional laughter and
encouragementl gratefully acknowledge my predecessors Madhu Anand, Chris Kitchams, D
Obrzut Adam Anderson, and Aimee Podar their helpful insight and friendship. 1 also
gratefully acknowledge my eworkers and peers in the Department of Chemical Engineering for
generally making the Auburn experience more satisfyiggecial thankgo to my labmate,
Naveed Ansari, for all of the time and effort he spent fabricating and testing microdevice
tribology chipsof which he developedThis work would have not been possible without him.

Thanks are also owed to the faculty and staff of Department of Chemical
Engineering. It was the kindness and opansaf the faculty that convinced me to pursue my
degree at Auburn University. Spddhanks are given to Karen Cochran &wk EllenAbner
who would both give up precious time duringeithbusy days to help any student with any
problems that may arise. Finally, | must thank my family for being so patient and understanding
as | have pisued my education over the year$his day has been a long time coming and,
thanksto their guidancel am ready to move on to the next chapter in my life. As this chapter
comes to a close, | dedicate this wookmy late uncle Gregorfi E b &Hgnden (1952 2008)
and cousinJonathanRobertHansen (1986 2009) whom my family lost during my time at

Auburn. You are missed every day.



Table of Contents

7z

Abstract céééeéeeéeeée

o
o
o
o
o
o
o)
o

éee

o
o
o
0N
0N
0N
0N
0N
0N
0N

D~
D~
D~
D~
D~
D~
%\
D~
D~
D~
D~

eee

D~
D~
D~
D~
D~
D~
D~
D~
D~

Acknowl edgement s é¢éé

7

List of Tablest é

D~
D~
X

eeeceéééeceeééeeceeceééceecececcée

o
o
o
o
o
D

®
D

D
D
D
D
D

Li st of Figures ééeeéééeeceééceeccecé

Chapter 1: Tribology, MEMS Technol ogy land Re
11 Introduction to tribology €é€ééééééédléeééeeécé
12 I ntroduction to MEMS éécéécécééeéeée@eéeéeté
1.3 MEMSreliabiltyis sues ééééééeééécécéeééééeéés
14 Surface energy and superhydrophobl4city ¢é
15 Objectives of this work éééééeééeéereéeéceé

Chapter 2. Addressing Reliability Issuesin MEM8 Revi ew €éééééé &e.
21 Engineering solutions t@®eéreeléeease At ictio
2.2 Previous studiesto alleviateins e st i cti on ééeéeééee@receé.
23 Approaches to address friction an3 wear
2.4 Tribology of nanoparticlkk oughened surfaces éééed8keéeééé
25 Gasexpanded |l iguid nanopartiéclée .dePosi ti o

2.6 Nanoparticle attachmenttoselfs s e mb |l ed monol ayer s4lééééée

27 Rel ated research objectives ééééecaBeeéeéecéé



Chapter 3: Experi mental and Analyticalb Met ho
31 Gol d nanoparticle synthesis ééééésbéeécecéce
32 Gasexpanded | iquid particle precipd6tation
33 Silicon substrate and tribology cH%lip pre

34 Tri bol ogy chip actuation and test?53n

(@]
D~
D~
D~

D~
N
N

D
D
(9]
(9]

35 Contact angle analysis ééééeééceécecéase

7z

36 EIl'l i psometry éééeeceéééececeeéeeeceéécece@e

D~
D~
D~

sz

3.7 Fouriertransform infrared spectroscopyé ¢ € ¢ ¢ é € ¢ é e é éé . . 67
3.8 Microscopye é é .6.é 6 ééécééééeééeééeééecéeé 69

3.9 Water erosion durability testirgé é ¢ ¢ é 6 ¢ éééééééeéeé. . .78

-
-
-
-
-

310Surface coverage i mage analysis é&é

Chapter 4: Quanti fying Work of Adhesi ®8& Dire

D~
D~
D~

eeééeeP®Re

M-

ée

M-

eeeé

M-

41 I ntroduction éeééée

egsé

N
N
N
N
N
N

42 Mastrangel obs work of adhesi on

e%he

D~
D~
D~
D~
D~
D~
D~

é

D~

é

D~
D~

43 Mat hematical devel opment

é%0e

N
N
N
N
N
N
N

é

D~

é

M-
M-

é

M-
M-

44 Met hod wvalidation éééé

a@se

([N
([N
([N
([N

eee

([N
([N

é

([N
([N

eeecé

D

45 Concl usions eéééee
Chapter 5. GXL Particle Deposition onto MEM& Pr oof of Conceplll ééeééé:

s rr rr s sz

51 I ntroduction ééééecécececcececcecceé. 111

D
D
D
D
D

52 Nanoparticle aggl omerati on ¢€éeééééédkzrle

53 Ther modynamics of nanoparticle ddRositio

D
D
D
D

54 Ef fect of nanoparticles on adhesilb/n

> € 4%¢e

D
D
D
D
D
D
D
)

D
D

E5 Concl usions éééééeeéeeééeecé

vi



Chapter 6:
6.1
6.2
6.3
6.4
6.5

Chapter7:
7.1
7.2
7.3
1.4

7.5

Nanoparticle Deposition on Substrates of Varying SUEfaegy.é¢ ¢ € é . 131

////////////////////

I ntroduction éééééééeéeéeceeeceeeeececdriececece.

,,,,,,

Conclusions éeééeéééeéeéeéeéeéeéeéedrbece.
Tribol ogi cal Ef fect of Nanopartlsg |l e Fi
I ntroduction éééééeéeéeéeéecéeéecédsBeccé
Estimation of nanoparticle ur f ace coverage éeééeélBecécée
Ef fect of surface coverage on adHhé&si on é
Ef fect of surface coverage on frilt9ti on €

Conclusions ééeécééeecécéececcéeececéecedecce.

Chapter8: Monolayerl mmo bi | i zed Nanoparticle Film& for N

8.1

8.2

8.3

8.4

8.5

8.6

8.7

""""""""""

I ntroduction ééééééeeeéecéeéeéeéecécdreccec.
SAM/ nanoparticle film preparatioriB8eéécecee
Characterization of SAM/ NP fil ms 180n Si s
Surfaceeer gy of SAM/ NP composite fil2006 éé¢ééé
Durability of SAM/ NP composite f i20dms ¢€eéé
Effect of SAM/ NP composite fil ms 2Bn adhe

sr sr rr sz s rr rr sz

Conclusions éééececceccceeccéceeeéeee. . 221

Chapter9: Rough Vapor Deposited Silidain Films for Microtribology

///////////

and Superhydrophobicity ééééééeéeéeéRFeéceceéece

9.1

///////////////////

I ntroduction éééééééeéeéceéeececececeepmececece.

vii



,,,,,,,,,,,,,,,

9.2 CVD experimental setupanddetalle é é € é é 6 € é é e éééeé 224
93 Characterization and durability @&29 AuNP/

94 Tri bol ogi cal effect of AuUNP/ CVD ©288i n fil

95 VPD experimental setup and detai l245 ééeéeéé
9.6 Durability of VPD superhydrophobichi n f i |l ms ééééééexbéceé.
9.7 Effect of roughness and asperity density on hydropholéciétyé € é é . . 260

////////////////////

98 Conclusions éééééeéeécecececececeecececeeearéecece.

//////

Chapter 10 Conclusions and Avenuésor Fut ure Wor k ééeééeééexy@eéecée.

//////////

10.3 Nanoparticlebasedc o at i ngs for superhydréop&8Dbi ci ty

1041 deas for future work éééeééeééeaxé@gléeecéeéce
Bibliographyé é ¢ é é 6 6 é 6 éé e é .é6éeééécééecéécéeéée. 284
Appendix A:Scr i pt for Automated Work of Adh&®i on Ca

Appendix B: Operation of ROGER VPD Apparatus éeéeééeecéBlgeééeceé

viii



2.1

3.1

4.1

4.2

5.1

6.1

6.2

6.3

7.1

7.2

8.1

8.2

8.3

9.1

List of Tables

Physical property data for various silicon surface treatments (Ashurst et al33
2001a; Srinivasan et al. 1998a; Srvinivasan et al. 1997; Houston et al. 1996).

Scanning wear data and erostone for various coatings. 83
Values used to generate an artificial array of cantilever beams based on unifoi®3
surface adhesion energy of 0.965 nfland the crack length and adhesion

energy determined from generated data (with random noise).

Beam length, crack length, and work of adhesion values determined f&06
experimental data from real, adhered cantilever beams.

Comparison of apparent work of adhesion values. 128

Liquid surface tensions of chemicals used for critical surface tensiof34
measurements (Kulkarni et al 2005).

Critical surface tensions and Zisman plot linear coefficients. 138

Suiface tension and contact angle of liquids used for Zisman plot of 454
dodecanethiol monolayer.

RMS roughness and particle surface coveragiies for the various AuNP 167
coatings. Sample E was not available for SEM imaging.

Coefficients of static friction and adhesion energies for various surfac&83
modifications.

Characteristic FTIR wavenumbers of APhTS and MPTS films on silica. 194
Contact angles of various surface modifications on silica. 202

Comparison of surface coatings on polySi and Si (10@)ane cantilever beam 220
adhesion.

Table of superhydrophobic coating names and brief descriptions. 252



9.2

9.3

9.4

Operation temperatures for ROGHRcoating chamber, precursor canisters and254
gas lines.

Water erosion times until coating failure for various superhydrophobic coating56
recipes.

RMS, coverage density, RM®-density ratio, and water contact angles for 274
superhydrophobic recipes examined in this work.



11

1.2

1.3

1.4

15

1.6

1.7

1.8

1.9

1.10

2.1

List of Figures

Optical microscope photograph of polysilicon microgears at 10X. The largest 4
gear is approximately 8a@m in length. Scale bar is 20@n.

SEM image of a commercially available MEMS accelerometer designed by the 6
Micro and Nano Systems LaboratoryPatlytechnique Montreal.

lllustration of digital micromirror devices utilized for DLP televisions and 7
displays, developed by Texas Instruments. The dimensions of the square
mirrors are 16 x 16m.

A simplified process diagram for the fabrication of aygiicon cantilever beam 8
via surface micromachining.

Comparison of interfacial attractive forces with surface separation between twd0
smooth silicon surfaces (Komvopoulos 2003}, Fe, and Fygw refer to
capillary, electrostatic, and van d&faals forces, respectively.

Diagram illustrating the contact angle of a water droplet on hydrophobic andll
hydrophilic substrates (Ashurst 2003).

Diagram indicating the action of Laplace pressure for hydrophobic andl2
hydrophilic surfaces (Ashurst 2003).

Diagram illustrating the real contact surface area between two surfacedd
exhibiting adhesion due to large attractive forces (Kang 2007).

SEM images of a microengine pinhole (a) before operation and (b) following16
about onanmillion cycles.

Wetting states ilistrating (a) apparent contact angle, (b) Wenzel contact angle 18
and (c) CassiBaxter contact angle.

P-T diagram illustrating the pathway for supercritical drying in order to avoid 23
the liquidvapor interface. Pressurized fluid (A) is heated intostingercritical
regime (B). Isothermal depressurization then allows for the removal of the fluid
and drying of the enclosed sample (C).

Xi



2.2

2.3

2.4

2.5

2.6

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

3.9

3.10

P-T diagram illustrating the freeze sublimation proceBsessurized liquid (A) 24
is frozen into a solid (B) which is then sublimated into a gas (C).

Simplified diagram for the formation of a s@ésembled OTS monolayer on 28
silicon oxide (Ashurst 2003).

Volume expansion coefficient of liquidmexane wih increasing gaseous GO 37
pressure (Anand et al. 2005).

UV-visible absorbance of dodecanetkstdbilized gold and silver nanoparticles 38
dispersed in liquid hexane/CO2 mixtures with system pressure (Anand et al.
2005).

TEM photographs of gold naparticles deposited on carbooated TEM grids 40
via (a) solvent evaporation and (b) €€xpanded liquid/supercritical drying
(Hurst et al., 2007).

Optical microscope photographs illustrating deposition of large, oily particle 47
agglomerations; (a) 20 photograph of AuNPs deposited on Si(100) with
sample surface facing upwards; (b) 20X photograph of AuNPs deposited on
Si(100) with sample surface upsidewn.

Side and top views of the glass sample vial used for GXL particle deposition. 48

lllustration of the GXL particle deposition experimental setup including a 49
photographic image of the stainless steel fpgfssure vessel.

Liquid-vapor phase boundary for GGhowing the pure Cfcritical point Q) 52
and process operating critical poifdr a CQ/hexane binary mixture %)
estimated using available literature (Liu et al. 2003).

Polysilicon inplane cantilever beam array fabricated by Sandia National 55
Laboratories.

1000mm long CBA fabricated on an SOI wafer with very lowplaneinherent 57
roughness.

Interferogram illustrating various interference fringe patterns. 58
Example of experimental beam profile data collected via interferometry. 59
Image of a sidavall static friction tester. Inset depicts a normal fofdedcting 61

on a moveable structure.

Image of a mass resonator device. 62

Xii



3.1

3.12

3.13

3.14

3.15

3.16

3.17

3.18

3.19

3.2

3.2

3.2

3.23

3.24

3.5

3.26

3.27

3.28

4.1

Photograph of a Ramdart standard goniometer for contact angle analysis. 64

Definition of the contaci@angle given by vectors representing the interfacial 65
energies between the solid, liquid, and vapor phases.

Screenshot from DROPimage software depicting the measurement of contaé6
angles.

lllustration of a light source impinging a sample surfacel reflecting to the 68
ellipsometer detector.

Schematic of an infrared beam penetrating an ATR crystal, undergoing totafO
internal reflection, and exiting the crystal towards the detector.

Chart giving approximate wavenumbegions for various types of bonds. 71
Schematic diagram of a transmission electron microscope (Watt 1997). 73
TEM image at 100,000X of Pd nanopatrticles. 74
Schematic illustration of a scanning electron microscope (Watt 1997). 76
SEM image ofa carbon SWNT forest (Hata et al 2004). 77
Schematic diagram of AFM scanning feedback process. 79
Hysitron AFM image depicting film durability up to 2208 normal force. 81

Water erosion time and Hysitron wear data for various superhydrophbhbic fi 84
recipes.

Trend between water erosion time and scanning wear force. 85
Photograph of the new Waterpik® water erosion apparatus. 86

Water erosion time (with standard deviations) for four randomly selected88
superhydrophobic coatings using thevi&aterpik® apparatus.

Depicting of adjusting the threshold of a digital SEM image in ImageJ. 89
Black and white image of a nanoparticle film following thresholding in ImageJ. 91

lllustrations of cantilever beams in both&hd areshapes. 96

Xiii



4.2

4.3

4.4

4.5

5.1

5.2

5.3

5.4

5.5

5.6

5.7

5.8

Artificial data sets generated (without noise) for 360 long cantilever beams. 101
The first two beams are ashaped witm= 1.5 and 0.8, respectively. The third
beam is Shapedrf= 0) withs=250mm.

Profiles of beam numbers 2 through 6 (from Table 4.1), illustrating a freel04
standing beam, various asbaped beams with varying values, and an-S
shaped beam.

Fit of Egn. (4.5) to empirical data for beam no. 13 following normalization of107

data to # = 1. The inset illustrates two shadows which result from
microfabrication.

Difference between experimental height and calculated height, usin§09
Mastrangelo and 3order polynomial fits, to the experimental data shown in
Fig. 4.4. The two shadows result from the microfabrication process.

20X optical photograph of large particle agglomerations polgsilicon micre 113
gear device. The areas where agglomeratioassparse (denoted by arrows)
were originally covered by microstructures.

Comparison of nometarded van der Waals attractive and gravitational fastes 115
a 5-nm gold nanoparticle to a large, flat silicon surface with vargiegaration
distance. Region of interest lies to the left ofm.

80 x 80nm AFM scan of gold nanoparticle islands formed from the GXL 118
deposition of Enm particles onto Si (100). The black bar represents the line
scan analysis presented at right igading average island height of
approximately 15 nm.

SEM photographs of (a) native oxideated cantilever beam and (b) gold 119
nanoparticlecoated cantilever beam. Top and tgide surfaces of the beams
are visible and indicated by the dashed lines.

SEM photograph of cantilever beam underside coated with gold nanoparticles.120

Interferograms of a native oxigmated cantilever beam array (a) initially free 122
standing prior to actuation and (b) permanently adhered to the substrate
following actuaton.

Profiles of a selected cantilever beam from Figure 5.10 (a) with increasinb23
electrostatic loading and (b) decreasing electrostatic loading. Beam thickness is
not to scale.

Interferograms of an AuNPoated cantilever beam array (a) initialisee 125
standing before electrostatic actuation, (b) electrostatically loaded at 120 V and
(c) unloaded following actuation.

Xiv



5.9 SEM image of a region of tipdhesion of AuNRoated CBAs illustrating 127
particlefree regions.

6.1 Zisman plot for an OTS monolayer on Si (100) illustrating the linear trend.35
between contact angle and liquid surface tension.

6.2 Combined Zisman plots for FDTS, MPT&hd APhTScoatings on Si (100) 137

substrates.
6.3  Optical photographs of AUNPs on native S&D20X. 139
6.4  Optical photograph of AUNPs on O3®ated silicon at 40X. 140
6.5  Optical photograph of AUNPs on FDI¥®ated silicon at 40X. 141
6.6 SEM micrograph (35000X) of AuUNRm SiQ. 143
6.7 SEM micrograph (35000X) of AuNPs on OTS. 144
6.8 SEM micrograph (35000X) of AUNPs on FDTS. 145
6.9 SEM micrograph (35000X) of AuNPs on MPTS. 146
6.10 SEM micrograph (35000X) of AuNPs on APhTS. 147

6.11 SEM micrograph (15000X) of AuNPs on SIO | | ustrating 4801 es o
individual layers.

6.12 Fractional surface coverage of AuUNPs plotted agadhmestcosine of theontact 150
angle of hexadecane (cgp

6.13 Water and hexadecane contact angleSAM coatings and fractional surface 151
coverage of AuNP films on SAMs.

6.14 AFM scans and line scan profiles of AUNP films on (a) Si®) OTS and (c) 153
FDTS.

6.15 Chart of RMS roughness of AuNP films on examined surfaces in order df56
decreasing critical surface tension. The dashed line mpreshe dividing
boundary in surface tension of 15.3 dyne/cm (dodecanethiol).

7.1  AFM scan and SEM micrograph of AuNP coating A with RMS roughness of 8.160
nm.

7.2  AFM scan and SEM micrograph of AUNP coating B with RMS roughness of 9.061
nm.

XV



7.3

7.4

7.5

7.6

7.7

7.8

7.9

7.10

7.11

7.12

7.13

7.14

7.15

7.16

7.17

7.18

8.1

8.2

AFM scan and SEM micrograph of AuNP coating C with RMS roughness of 4.062
nm.

AFM scan and SEM micrograph of AuNP coating D with RMS roughness of 6.063
nm.

AFM scan of AuNP coating E with RMS roughness of 13 nm. SEM micrograpi64
is not available.

AFM scan and SEM micrograph of AuNP coating F with RMS roughness of 5665
nm.

RMS roughness values for AUNP coatings in increasing concentrations. 166
lllustrat i on of two rough surfaces maki AGP
Projected surface coverage and real contact areas for individual AUNP coating$70

Thresholded SEM images illustrating the real contact area (black regions) of th&2
various AuNPcoatings. Coating indicated by the boxed letter.

lllustration of StranskKrastanov film growth. 173

Triangular plates formed during the deposition of highly concentrated AuNPs ali74
silicon.

AFM line scan profiles of (a) AuNPoating A and (b) AuNP coating F. 176

Trend of average cantilever beam adhesion energy with increasing RMIY8
roughness of gold nanopatrticle coatings.

Adhesi on energy as a function of e sl80
Coefficients of stati friction determined experimentally for SOI friction testers 181
coated with native oxide and increasing concentrations of AUNPs. Date for
coating D is unavailable.

Effect of estimated real contact area on the coefficient of static friction. 184

Correlation between adhesion energy (stiction) and coefficient of static friction.185

Schematic representation of a gold nanoparticle attached to (a) an MPTS SAING9
coated silica surface and (b) an APhTS SAM coated silica surface.

FTIR scan of APhTS monoyar film on silica seed layer coated ZnSe crystal. 192

XVi

cont a

mat ed



8.3

8.4

8.5

8.6

8.7

8.8

8.9

8.10

8.11

8.12

8.13

8.14

8.15

8.16

FTIR scan of MPTS monolayer film on silica seed layer coated ZnSe crystal. 193

SEM micrographs of Au nanoparticles on (a) Si®) APhTS, and (c) MPTS 195
films on Si (100) substrates after ultrasonication in hexane.

Optical photographs of polysilicon cantilever beam arrays coated with ()97
APhTS/AuNPs and (b) MPTS/AuNPs.

SEM image of bouldelike features on APhTS/NP composite films on Si (100) 198
in-plane cantilever beams.

FTIR spectra of an APhTS film on silica before and after exposure t@aCé. 199
8 bar.

FTIR spectrum of APhTS film exposedéda situCO.. 201

Photaraphs illustrating the contact angle of water droplets on (a) nativg SiO203
(b) unattached AuNPs on SiQc) APhTS, (d) MPTS, (e) APhTS/AuNPs, and
(f) MPTS/AuUNPs.

Water contact angle for various surface modifications with increasing wateét05
erosiontime.

Change in water contact angle ratio following 1 and 10 h water erosion. 206

SEM images of Si (100) substrates coated with AUNPs only (a) before and (B)8
after 1 h water erosion and MPTS/AuNP composite films (c) before and (d) after
1 h water eosion. Coverage area of nanoparticles on the surface was
determined by image analysis.

SEM images of (a) AuNP coated polysilicon and (b) MPTS/AuNP coate@09
polysilicon following cantilever beam actuation. The area between the dashed
lines indicateshe region of mechanical contact of the beam tip.

Region of Si (100) iplane cantilever tip contact on MPTS/AuNP composite 210
film following actuation.

Cantilever beam subjected to an electrostatic fofed) @nd a restrictive force 212
caused by t& underlying substraté).

Diagrams illustrating the individual contributions of (a) the electrostatic213

actuation force and (b) the restrictive contact force experienced by a cantilever
beam.

XVi



8.17

8.18

8.19

9.1

9.2

9.3

9.4

9.5

9.6

9.7

9.8

99

9.10

9.11

9.12

9.13

9.14

Interferometry images of MPTS/AuNP coated CBAs: (a) polySi before216
actuation, (b) polySi after actuation, (c) 5@ Si (100) before actuation, (d)
500-mm Si (100) after actuation, (3) 100@n Si (100) beforexctuation, and (f)
1000Gmm Si (100) after actuation.

Interferometry images of APhTS/AuNP coated CBAs: (a) polySi before2l7
actuation, (b) polySi after actuation, (c) 59 Si (100) before actuation, (d)
500-mm Si (100) after actuation, (3) 100@n Si (100) before actuation, and (f)
1000mm Si (100) after actuation.

Vertical profile of a selected beam from Fig. 7.15(c) and (d) showing the initiaf LS
and final beam shape.

Schematic illustration of rough, durable Aul¥Bsed coatings (not to scale). 225

lllustration of the ultra low pressure CVD system utilized for vapor phas«.z26
coating deposition.

Schematic of the reaction of FOTS with water to form monolayers on SiO 228
AFM scan of a CVD deposited Si@ayer on a smooth silicon substrate. 230
Line scan of CVD Si@deposited on smooth silicon. 231
AFM scan of AuNP thin film on silicon. 233
AFM scan of AUNP/CVD Si@composite thin film. 234
AFM scan of AUNP/CVD/FOTS composite thin film. 235
Average water contact angle with increasing wageosion time for AuNP, 237
MPTS/AuNP and AuNP/CVD/FOTS coatings.
AFM scan of AuNP thin film on an SOI tribology chip. 239
AFM scan of AUNP/CVD Si@thin film on an SOI tribology chip. 240
Interferogram of 500m cantilever beams coated with AUNP/B\&iO,. 241
Interferogram of 50@m cantilever beams coated with AUNP/CVD SEDTS. 243
244

Interferogram of 500m cantilever beams coated with only CVD &i@yer.

XViili



9.15 Digital photograph of the backside of the ROGER/PD apparatus showing 246
gas carrier lines and precursor chemical containers.

9.16 Digital photograph of the front of the ROGEIRVPD apparatus. 247

9.17 Simple schematic diagram of the ROGER/PD apparatus. 288X 0 i nd
pneumatic valve controlled by LABVIEW software.

9.18 30 x 30mm AFM scan of AJO; particles on Si (100). 250

9.19 Line scan of AlO; particles on Si (100) imaged in Figure 9.18. 251

9.20 FTIR spectra of pyridine absorbed on kicaiseed layer after heating to various 257
temperatures.

9.21 FTIR spectrum of pyridineontaining SiO2 layer at room temperature and 259
difference spectra after heating to 80 and 420

9.22 Water contact angle for various coatings plotted against RMS nesghfrom 261
AFM surface scans.

9.23 Rebinned AFM data with equal RMS roughness values (3.3 nm) and varying62
asperity coverages.

9.24 Water contact angle for various coatings plotted against asperity coveragé4
density from AFM surface scans.

9.25 Theoretich effect of asperity coverage density on surface energy and re&l65
contact area. Not based on actual data.

9.26 Effect of RMS to coverage density ratio on water contact angle. 266
9.27 AFM scan of TMA Baseline (Recipe A) surface coating. 268
9.28 AFM scan of TMALinker (Recipe B) surface coating. 269
9.29 AFM scan of TMA/Linker300 (Recipe C) surface coating. 270
9.30 AFM scan of Amine/Epoxy (Recipe D) surface coating. 271
9.31 AFM scan of ALD Pyridine Oxide (Recipe E) surface coating. 272
9.32 AFM scan of CVD Pyridine OxidéRecipe F) surface coating. 273
10.1 SEM micrograph of CulnSe nanopyramids on silicon. 282

XiX



CHAPTER 1

TRIBOLOGY, MEMS TECHNOLOGY AND RELIABILITY

1.1 Introduction to tribology

In his famous speeatearly fifty years ago, Richard Feynman discussed a relatively new
field of science: miniaturization (Feynman 1992Feynman talked about the potential for
miniature machines, such as internal surgeons that could simply be swallowed. However,
Feynman also singled bthe most fundamental obstaglen the road toward miniaturization:
adhesiorand friction(Feynman 1992). At the nanand micrescale, the principahteractions
between two small, contacting materials becomes increasingly impa@mtahican dominate
inertial and gravitational forces usually encountered on a larger @@a¥eson 1998 Bhushan
1998. The science of studying twsuchcontacting surfaces in relative motig known as
tribology, which encompassea variety of surfacenteractionsincluding friction, weat and
adhesion (Bhushan 1999).

Microtribology refers to the study of the surface interactions between two contacting,
rubbing surfaces on the mieror nanescale. On this level, the surface interactions dre/en
by the surfaceo-volume ratio of the surfaces in question. Burnham and Kulik (1999) describe
this phenomenon by comparing an ordinary pencil eraser to a residual eraser pargelecil
eraser has dimensions on the order of 1 cm, whieradiusR, of residual particles from the

eraser can be on the order of 180. The surfacdo-volume ratio for spherical objects equals
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3/R indicating that the surfaem®-volume ratio of a residual particle is 100 times greater than for
the whole eraser. Burnham akalik (1999) go on to describe how the ratio between the
attractive surface forceand the weight of a spherical particle is 10,000 times larger for a
residual eraser particland therefore, the residual particle can be predicted to cling to a sheet of
paper. This adhesion of microand nanescale components is extremely important to micro
tribology as a whole, as friction and weare strongly dependent on the level of adhesion
(Bhushan 1994).

Decades after Feynman introduced the field of miniatudratscientists and engineers
arecontinuing to tryto improve the ®lds of microfluidics and micedectremechanical systems
(MEMS). As time has passed, these researchers have become increasingly aware of the
limitation discussed by Feynman that technology on the miciscale will be hindered until
adhesion can be suppressed and the tribology of moving, contacting surfaces can be effectively

controlled.

1.2 Introduction to MEMS

Microelectromechanical systems (MEMS) aae relatively new technolgg directly
coupling miniature mechanical components with microelectronics and the semiconductor (IC)
industry (Bao and Wang 1996J.ypically, the core elements of a MEMS device are a sensing or
actuating element and a signal transduction unit (Hsu 2008g first successfully operating
micromechanical devices, fabricated by surfageromachining technology in 1988, were
electrostatic micromotors (Fan et al. 198889). Fig. 1.1 presents an optical photographaof
polysilicon micrayear at 0X magnificdion. To date, several types of MEMBave been

introduced for commercial markets, includimgmbrangressure sensors (Bao and Wang 1996),



accelerometers for automobile airbag sensors (Goodenough 1991), and digital light processing
(DLP) displays (Van Kesel et al. 1998).More recent commercialized applications for MEMS
components include smartphones and video game controllers, such as for Nintéffgaich

utilize accelerometers to detect movement (Liu et al. 2068). 1.2 showsa scanning electro
microscope (SEM) image ai commercially availabl MEMS accelerometer, whilBig. 1.3
illustrates digital micromirror devices used in DLP displays.

MEMS are fabricated from a variety of methods, including bulk micromachining, surface
micromachining, and.IGA, a German acronym for lithography, electroplating, and molding
(Madou 1997; Hsu 2002). Bulk and surface micromachining are the two most widely used
methods for the production and fabrication of MEMS. Bulk micromachining involves the
etching of mateal from bulk substrates, such as silicon wafers, to form tti@ensional
microstructures (Hsu 2002). Surface micromachining, on the other hand, involves the deposition
of additional layers onto bulk substrates which are then patterned and etcheate¢ostructures
(Petersen 1982; Howe 1988; Muller 1990).

Fig. 1.4 presents a simplified diagram for a surface micromachining process. The starting
material is generally a morgystalline silicon wafer, upon which an electrical isolation layer
(typically silicon nitride) is deposited. A layer of polysilicon is then deposited to form the
ground plane and actuation pad for the device. The polysilicon layer is patterned using
lithography, and then anisotropically etched to isolate one portion of pbbysilicon
(actuation pad) from other portions (ground pad). A sacrificial layer of silicon oxide is then
deposited over the patterned polysilicon | ay
process, to provide gaps between the toiegensonal microstructures. The sacrificial layer is

patterned and anisotropically etched forming areas for the next structural layer to anchor to the



Figure 1.1. Optical microscope photograph of polysilicon microgears at 10X. The largest gear is

approximately 800rm in length. Scale bar is 208n.



polysilicon ground plane. The structural polysilicon layer is then deposited, patterned, and
etched ¢ form the complete, desired microstructure. All that remains is to remove the sacrificial

|l ayer by isotropically etching with a h-ydrof/l
standing microstructures.

While the field of MEMS technology hagown to a mature stage in only a few short
decades, the rapid development has also revealed bottlenecks and challenges to the advancement
of the field (Petersen 1995). Today, only the simplest MEMS are used commercially while more
complex devices are Bject to surface phenomena that can lead to device failure. Both the
production and lifetime of MEMS are limited by major reliability issues caused by strong
adhesion, friction, and wear (Mastrangelo 1997; Tas et al. 1996, Komvopoulos 1996; Miller et

al. 1996; Maboudian 1998; Rymuza 1999).

1.3 MEMS reliability i ssues

Surface and bulk micromachined MEMS and microfabricated devices typically have
surface microstructures with lateral dimensions o580 nm and thicknesses of Q1D nm.
These miniature compents are also typically raised only &Xmim from the substrate surface.
Due to the extremely large surfaaeeato-volume ratios of such structures and components,
surface and interfacial forces play an increased role in the operation of MEMS deviceszéRy
1999; Mastrangelo 1997; Tas et al. 1996; Komvopoulos 1996; Maboudian and Howe 1997).
Interactions between relatively smooth surfaces become critical and increase the probability of
device failure. The most common phenomena affecting MEMS reliabil@yrelease stiction,

in-use stiction, friction, and weatr.
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1.3.1 Release fiction

The termstictionrefers to the inadvertent adhesion of microstructure surfaces when they
cannot overcome inherent interfacial forces such as capillary, chemical, van der Waals, or
electrostatic attractions. Fid..5 compares the force per area exhibited between two smooth
silicon surfaces by capillary, electrostatic (applied voltage of 1 V), and van der Waals forces
(Komvopoulos 2003). The figure shows that for small separatistartes, these forces are
much larger than the typical restoration force of a microfabricated structure.

Release stiction more specifically refers to the adhesion of microfabricated surfaces to the
underlying substrate following the final sacrificiady¢r etching step (shown in Fid.4).
Following the etching of these sacrificial layers, the gaps left behind are filled with liquid. Due
to the tremendous liquid capillary forces that can occur in such microscopic gaps, liquid cannot
simply be allowedo evaporate and dry the surfaces (Guckel et al. 1989; Mastrangelo and Hsu
1993; Legtenberg et al. 1994). Instead, released devices are generally stored in an organic phase
until measures can be taken to dry the device while avoiding such capillary tored® over.

These capillary forces are dependent on the contact angle between the liquid andfackdrsu
air, as shown in FidlL.6 for water on hydrophobic and hydrophilic surfaces.

Capillary forces can be described by the Laplace equation {&ow 1.1), whergyis

the liquid surface tension amds the contact angle.

2gco
P=P-P= gdsq (1.1)

Consider two parallel surfaces separated by a thin liquid layer witd ggggshown in Figl.7. If
the contact angle of the liquid film is less thari,3@e pressure within the liquié4) will be less
than that of the ambient ailPy), resulting in a net attractive force between the two plates (Tas et

al. 1996). This attractive capillaryrize is usually much stronger than the typical bending
9
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restoration force of a microstructure. Therefore, structures will be pulled into contact with the
underlying substrate and become permanently adhered. Alternatively, if the contact angle is

greater than 90 the Laplace pressure will result in an opposing force.

1.3.2 In-use giction

Another adherence phenomenon iuge stiction which refers to the permanent adhesion
of microstructures during operation. -uise stiction often occurs between aevicomponents
that may come into contact in an-off fashion (RF switches, cantilever beams, etc.) or
components that are continually in contact (gears). A key role in adhesion mechanisms is that of
surface roughness. The reueansquare RMS) roughnes at the bottom of released
microstructures was measured by Legtenberg (1996) to be on the order of 1 to 3 nm. Due to the
relative smoothness and small scale of microstructured componentsirEabeareasof contact
exist which, accompanied kgxtrenely high van der Waalattractive forces, can oftetau®
permanentadherence. Fidl..8 illustrates the real contact surface area between two surfaces with

RMSroughness on the nanometer scale.

1.3.3 Friction and wear

In addition to the problems associated with stiction, microfabricated devices suffer from
high coefficients of friction and substantial wear, especially in locations that experience high
shear where massive contact pressures can be generated by moviogausipn rough silicon
oxide surfaces (Tanner et al. 1999; Wang et al. 2002; Williams 2001). During the sliding of two
surfaces, the interactions between rough asperities cause energy loss by means of elastic

deformation and the formation of wear debf{®renner 2001). For example, the hubs on
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microgears become cluttered with wear debris after only a few hundred thousand cycles, as
shown in Fig.1.9, and will seldom last more than a few million cycles before becoming
permanently unusable due to irrevblsi binding caused by increased friction (Tanner et al.
1996; Tanner 2000). The mechanism for wear in microdevices is very poorly understood,
however, it is known that wear depends on mechanical contact details and environmental

conditions including humity (Tanner et al. 1999; Patton and Zabinski 2002).

1.4 Surface energy andsuperhydrophobicity
As briefly discussed in section 1.3.1, the very hydrophilic nature of silicon and silicon

oxide materials can lead to detrimental capillary effects which can render MEMS and

microdevices uselessThe hydrophobicity of a surface can be directly relatethéointerfacial

surface energies following Youngds equation (
9.008G = gs - g (1.2)

In Eqn. (1.2),gis the contact angle of the fluid on the surfages the liquid surface tensiogs

is the solid surface energy, ang, is the interfacial energy between the solid and liquid. By

definition, g is the energy required to pull apart the two surfaces to create two distinct surfaces

(one solid and one liquid). The valuegf can be approximatl from the surface energies of the

separate components following (Doms et al. 2008):

9s.=9s %9, - 299, (1.3)
Based on Eqgns. (1.2) and (1.3), when the bare solid surface energy is higher than-tlggisblid
interfacial energy (g > @), the contact angle will be less than°%nhd the solid surface is
hydrophilic (when water is the liquid being examined). In the case of siiased surfaces, the

surface energy is extremely high yielding a very hydrophilic surface. Theyefioe method
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Figure 1.8. Diagram illustrating the real contact surface area between two surfaces

exhibiting adhesion due to large attractive forces (Kang 2007).
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Figure 1.9. SEM images of a microengpiehole (a) before operation and

(b) following about onemillion cycles.
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commonly used to reduce the hydrophilic nature of MEMS and microstructures is to
significantly lower the surface energy by chemically altering the surfaces.

Another key factornfluencing hydrophobicity is surface roughne¥genzel (1936) first
examined the effect of surface roughness of hydrophobicity and contact angles. Wenzel
determined that if the sohliquid interface followed the contours of a rough surface, the actual
angle of contact should equal the equilibrium contact angle for a smooth surface adjusted by a
roughness factor, as shown by Eqgn. (1.4).

COSsg,, =r cosq (1.4)
The roughness factar, is a ratio of the actual surface aredh® projected surface araa>1 for
rough surfaces).

Cassie and Baxter (1944) also examined the effect of rough surfaces on hydrophobic
nature. In their work, Cassie and Baxter examined the effect of trapped air between liquid
droplets and extremely ugh surfaces. The Casdaxter model, Eqgn. (1.5), adds to the Wenzel
model by taking into account a fraction of the surfgce<(1l) that a droplet of water makes
contact with due to the trapped air.

008G, =/ COSG+(L- j )cOSq, (1.5)
In Egn. (15), g represents the contact angle between the liquid droplet and the entrapped gas.
Fig. 1.10 illustrates the wetting states based on (a) apparent contact angles on smooth surfaces,
(b) Wenzel contact angles, and (c) Ca$aater contact angles.

Supehydrophobic surfaces, or surfaces with 160°, may play a vital role for the future
of the MEMS industry. Such surfaces, which typically link appropriately roughened surfaces
with low surface energy materials such as fluorinated compounds (Lacroix2€0a), have the
potential to greatly reduce the surface energy of MEMS and microstructures and effectively

17



Cassie-Baxter

Figure 1.10. Wetting states illustrating (a) apparent contact angle, (b) Wenzel contact angle,

and (c) CassiBaxter contact angle.
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redwce detrimental interfacial phenomena. Superhydrophobic coatings have the potential to

revolutionize not only the MEMS industry, but the consumer electronics industry as well.

15 Objectives of this work

It is well known that the reliability issues discussed in this work are major bottlenecks to
the realization of the full potential of MEMS devices. Previous attempts to improve the
reliability of MEMS have shown that wear and stiction can be decreasesvén there is
currently no single surface treatment that can address all reliability concerns at once. Therefore,
the overall goal of this research is to develop a wesistant, anistiction coating process for
MEMS while emphasizing current MEMS anacrofabrication techniques. In order for a new
process to be integrated into the MEMS industry, the coating must exhibit a drastic improvement
in alleviating stiction and wear of microstructures and be compatible with current
microfabrication processedready in use.

Based on previous work on the deposition of nanoparticles byexgmsided liquid
technology and supercritical fluid drying, the use of deposited nanoparticles as coatings on
MEMS devices has been explored. As will be discussed in sudseghapters, geexpanded
liquid/supercritical fluid processing is highly compatible with current microfabrication methods
and can easily be integrated into industry. However, the intentional deposition of particles onto
the surface of micromachined dess is a fundamentally new concept. Therefore, a number of
fundamental studies have been explored to determine if nanoparticle coatings and films are a

viable option towards increasing the lifetime of MEMS.
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CHAPTER 2

ADDRESSING RELIABILITY ISSUES IN MEMS i A REVIEW

Several engineering solutions have been developed to address adla@siofriction
related problems in MEMS. However, stiction has been identified as perhaps the single most
important mode of failure in MEMS, as it im&wn that friction on the microscale is strongly
dependent upon adhesive forces (Bhushan 199083. a result, numerous approaches to
alleviating adhesiomelated failure have been examined. The following sectiomdde details

about some approaches used to address stifticton, and weaim microstructured devices

2.1 Engineering lutions toreleasestiction

One type of engineering approach to release stigsida physically or chemically alter
the surface of the structures. One example of such an approach is the intentional texturization of
the surfaces to reduce the real contact area (Alley et al. 1993). Houston et alefhpfB)ed
ammonium fluoride (M4F) to selectively etch certain crystallographic orientations of silicon.
Since polysilicon is comprised of small, randomly oriented crystalline grains, etching these
surfaces with N creates a rough, textured surface. These rough surfaces reduealthe
contact area available when two contacting surfaces are brought together by capillary forces.

On the other hand, the chemical alteration of surfaces by grafting a molecular monolayer

of a hydrophobic species tackles the fundamental causes of rslietis;: moisture adsorption
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and capillary forces (Abe et al. 1995%elfassembled monolayers (SAMs) various organic
materials have been deposited onto microstructures in the liquid phase in order to eliminate
capillary pulkdown forces caused by e@ating liquids. Organic molecules employed in
previous studies include alkyltrichlorosilanes and perfluoroaltythlorosilane such as
octadecyl trichlorosilane (OTS) and perfluorodecytichlorosilane (FDTS), among others
(Ashurst et al. 200y Srinivasan et al. 199§. It has been demonstrated that molecular coatings

of these materials effectively eliminate release stiction by reversing the shape of the water
meniscus on the surface of hydrophilic microstructures (Abe et al. 1995). From water contact
angle measurements, the contact angle increases from less than a0hydrophilic silicon

oxide surface to more than I’1@n a silica surface coated with an OTS monolayer (Ashurst et al.
2001a).

Several other engineering solutions to release sticéawe been developed which do not
alter the structure surfaces and instead involve additional processing steps during the release
stage. These methods include the avoidance of liuagor interfaces through the use of
supercriticaldrying (Mulhern et al. 893;Resnick and Clews 2001), freeze sublimation (Petersen
1982; Guckel et al. 1990), polymer support ashing (Mastrangelo 1997; Orpana and Korhonen
1991; Mastrangelo and Saloka 1993), and wagbase hydrofluoric acid (HF) etching
(Kozlowski et al. 1995; ke et al. 1996Anguita and Briones 1998).

The supercritical drying process, developed by Mulketral. (1993) using methods for
preparing biological microscopy samples, begins with released microstructures which have been
kept submerged in liquid since their sacrificial layer etch. The microstructure samples are placed
within a high pressure vessklled with an organic solvent (hexane, methanol, isopropanol)

which is completely displaced by liquid carbon dioxide COFollowing displacement, the
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highly pressurized C£s heated isochorically to the supercritical state. Venting the supercritical
fluid at an elevated temperature effectively dries the microstructures while avoiding the liquid
vapor interface and associatedrdaental capillary forces. Fi@.1 shows a generjgressure
temperatureH-T) diagram that depicts the pathway of the supercritical drying prodaseze
sublimation is anotheP-T process, illustrated in Fig2.2, which allows for the drying of
micromachines by avoiding the liquichpor interface. In this process, the organiolgent
submerging a microdevice is displaced by another solvent which is then frozen to the solid
phase. Vapor above the septase is pumped off by a vacuum pump. In time, the entire solid
phase will sublimate and be pumped off leaving only the driedomachine sample (Guckel et

al. 1990; Legtenberg 1996).

Polymer ashing is another wetlease process that uses a physical change in order to
avoid capillary destruction of microstructures. In this procedure, structures are first partially
released by short timed etch. A polymer film is then deposited into the released areas, creating
a film of polymer support posts that will hold the structures in place as the remainder of the
sacrificial layer is etched away. Following the sacrificial layer refhdi@ polymer support
devices can be removed from the liquid and dried by eadipor Finally, by means afxygen
plasma, the polymer supports are burned off leaving behind fully released and freestanding
microstructures (Mastrangelo 1997; Orpana anch&oen 1991).

Some release methods, rather than using a special drying technique to avoid detrimental
effects of the liquievapor interface, simply avoid the use of liquid etching procedures. Vapor

HF etching is a process that completely avoids the iskdisplacing solvents. In this
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Figure 2.1. PT diagram illustrating the pathway for supercritical drying in order to avoid the

liquid-vapor interface. Pressurized fluid (A) is heated into the supercritical regime (B).

Isothermal depressurizan then allows for the removal of the fluid

and drying of the enclosed sample (C).
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procedure, the sacrificial layer etch is carried out by an isotropic gaseous etchant. Generally,
samples are placed above an HF/water solution rather than being submerged into the liquid. The
vapors given off by the solution perform thacrificial layer etch, leaving behind freestanding
structures (Mastrangelo and Saloka 1993; Offenberg et al. 1994; Kozlowski et al. 1995; Lee et al.
1996; Anguita and Briones 1998). However, since the etchant vapors are performing the etch in
this procedre, much more time is required to fully remove the sacrificial layers.

While all of these engineering solutions have either reduced or effectively eliminated
release stiction as an issue in the MEMS industry, these methods do have varying degrees of
sucess. The notrivial implementation of these techniques is subject to human error and often
requires very specialized equipment. In addition, procedures which do not chemically alter the
surface of micromachines do not prevent tdoeurrenceof stiction during device operation.
Chemical surface alterations such as SAMs, on the other hand, have been shown to eliminate
release stiction as well as reduceuse stiction. However, SAM formation also has its

limitations as will be discussed in the next sacti

2.2 Previousstudies toalleviate in-usestiction

Unlike release stiction, which only occurs during the release step of microstructure
processing, iruse stiction can occur at any time. Therefore, viable solutions to alleviase in
stiction must hAve longterm antistiction effects. Initial attempts to reduce microstructure
sticking focused primarily on the reduction of contact surface area between adjacent surfaces by
increasing the surface roughness of polysilicon microstructures and sub@teatest al. 1989;
Alley et al. 1993; Houston et al. 1995; Yee et al. 1996). However, due to achieving only a

moderate factor of 20 times reduction in adhesion by surface roughening (Yee et al. 1996),
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recent efforts have shifted to focus on methods thamatally alter polysilicon surfaces

(Maboudian and Carraro 2004).

2.2.1 Self-assembledmonolayer coatings
The majority of chemical treatment studies for modifying the surfaces of microstructures
have involved the formation of sedssembled monolaye(SAMs). SAMs are formed when a
molecule attaches to the surface with other adsorbed molecules which are oriented to create a
single molecule deep thin film. One of the most widely studied molecules for SAM formation is
octadecyl trichlorosilane (OTS) wtti orients its polar head group toward the substrate while the
non-polar tail group points away from the surface. The tail groups orient themselves to create a
film of closely packed alkane chains with methyl termination which gives the film a very
hydroghobic nature. SAM coatings, such as OTS, deposited from solution onto micromachines
have been demonstrated to achieve the following constructive characteristics when properly
integrated into the sacrificial layer removal process (Srinivasan et al. 188KaSan et al.
1998a; Deng et al. 1995a; Srinivasan et al. 1998b; Houston et al. 1996; Maboudian et al. 2000;
Cabuz et al. 2000):
1. Elimination of release stiction by effectively reversing the shape of the water meniscus
that famsunderneath microstructes during liquid evaporation.
2. Reduction of iruse stiction, quantified by apparent work of adhesion, up to four orders
of magnitude with respect to unprocessed, released structures.
3. Reduction of the coefficients of friction in microengines.
Several classesf organic monolayer films have previously been explored, including-adiyl

perfluoroalkyl trichlorosilanes (SiCl;) (Srinivasan et al. 1998a; Maboudian et al. 2000),
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dichlorosilanes (Ashurst et al. 2001a; Kim et al. 2001), and alkased monolayel#shurst et
al. 2000). Among these organic molecules, octadecyl trichlorosilang(@E€lL),7;SiCls) is the
most widely studied organic monolayer film.

The formation of OTS (or other chlorosilane) films on silicon oxide surfaces begins with
the hydrolyzing of the precursor, in which a trichlorosilane molecules reacts with three
molecules of water producing three molecules of hydrochloric acid (HCI) arsilanol.

R-SiClz+ 3H,0 Y 3HCI + RSi(OH);
The water molecules for this reaction come from ambient humidity, due to the hygroscopic
nature of the solvent in which the reaction takes place (generally hexane). Therefore, the
reaction is highly sensitiveo ambient humidity, resulting in poor monolayer formation. For
example, if the water content is too low (less than ca. 40% relative humidity) not enough of the
chlorosilane molecules will be hydrolyzed. If the humidity is too high (greater than ca. 70%)
bulk polymerization of the precursor may be observed. Following hydrolysis, the trisilanol
molecules orient themselves on the extremely hydrophilic silicon oxide surface where the
hydroxyl groups condense, releasing water and formin@®-Si bonds (Sunget al. 2000).
Although the exact mechanism for the formation of chlorosilane monolayers is debatable
(Carraro et al. 1998; Schwartz 2001)simplified conceptual model of an OTS monolayer on
silicon oxide is presented in Fig.3 (Ashurst 2003).

Alley et al. (1992) first considered the use of organic SAMs for alleviating adhesion and
stiction in microfabricated cantilever beam arrays. The results were promising, although no
guantitative measurements could be made. Deng et al. (1995a, b) performed dtuthes
involving alkyltrichlorosilanebased SAM films which demonstrated a clear improvement in the

release and wear properties of polysilicon wobble micromotors. Houston et al. (1996) further
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examined the effect of OTS coatings on microstructures on release-asd stiction. It was
found that release stiction was effectveliminated while the work of adhesion, a quantitative
value for inuse stiction, was reduced by three orders of magnitude when compared to
conventional oxidation release procedures.

In addition to OTS, there have been studies performed with many ptkeeursor
molecules in order to produce oriented, hydrophobic monolayers onto silicon surfaces. Such
studies have illustrated that perfluorinated alkyltrichlorosilanes produce the most effective results
(Banga et al. 1995). For example, monolayer ogati formed from 1H,1H,2H,2H
perfluorodecyl trichlorosilane (FDTS) have critical surface tensions as lowmasr compared
to 22mJm? for OTS coatings (Brzoska et al. 1994). SAM coatings formed from FDTS have, in
fact, resulted in lower apparent work afhesion values compared to OTS and natural silicon
oxide layers (Srinivasan et al. 1998a). However, FDTS monolayers tend to form large
particulates on the surface due to bulk polymerization of the precursor more often than OTS
monolayers. Table 2.1 @wents interfacial property comparisons between various silicon surface
treatments. A third precursor which has been extensively studied for use as SAM coatings on
MEMS is dimethyl dichlorosilane ((CHtSiCl,, DDMS). DDMS monolayers are highly
comparablego OTS monolayers in tens of film properties and their effectiveness to reduce in
use stiction of microstructures. Although reduced polymerization with DDMS coatings has been
shown compared to OTS monolayers, DDMS produces slightly higher coefficidtioh and

apparent work of adhesion values (Ashurst et al. 2001a; Kim et al. 2001).
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2.2.2 Limitations of self-assembledmonolayer formation

Even though organic SAM coatings have shown great potential to reduce adhesion in
microsystems, there are seal limitations hindering the commercialization of SAMming
processes. In particular, chlorosilane chemistry imposes limitations on SAM formation. SAM
precursor molecules must first be hydrolyzed before they can be bound to a silicon surface,
which poduces the equivalent of one HCI molecule for eaclSond that is hydrolyzed.

Metal (or metal compounds) that may be present on devices for use as electrical contacts or
switches may be threatened by the presence of these HCI molecules (Henck C8argye
trapping is also a concern, as silicon surfaces must first be oxidized using hydrogen peroxide
(H20,) or exposure to oxygen plasma. This oxide is an electrically insulating layer which may
lead to unfavorable performance or device failurabi@ et al. 2000).

Another limitation arises due to the sensitivity of precursor polymerization to ambient
moisture and water concentration (Maboudian et al. 2000; Bunker et al. 2000). Water required
for the hydrolysis is supplied from the ambient amd, therefore, the humidity must be
controlled in order to have sufficient water for polymerization. Too little water can lead to an
incomplete monolayer while too much water can lead to the formation of large agglomerates
which may lead to unpredictabtievice performance. Once bulk agglomerations have formed,
there is no satisfactory method for removing the large particles. Therefore, the SAM formation
process must be done right under controlled environmental conditions. The sensitivity of
precursorpolymerization and the coating process to ambient humidity also means that fresh
precursor solutions must be made and maintained before each coating process, requiring large

amounts of chemicals (Rozlosnik et al. 2003; Wang and Lieberman 2003). Thesenghuhe
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chemistry of SAM formation lead to the issue of being able to accurately reproduce monolayers
on a large number of samples.

The inability to scale up wet SAM formation processes is another major bottleneck.
Current processes allow for onlyfiew microdevices on the order of 1 tto be coated. In order
to process a full silicon wafer of devices, an excessive amount of organic material is required. In
addition, user chemical handling is required to ensure that wafers are not dried until the process
is complete. SAM anstiction coatings are also suspect to durability issues. SAMs are not
mechanically hard materials and have been shown to wear off under high contact pressure
(Ashurst 2003). Due to these issues concerningassémbled monolayer coatings, alternative
antisticton coatings may be much more favorable as long as device performance is not

diminished.

2.2.3 Other approaches toreducestiction

Recent developments in the technology of producing chlorodsilased selassembled
monolayers have addressed some of3A®1 formation limitations by performing the coating
process in the vapor phase. Vapor phase processing eliminates the use of organic solvents and
greatly simplifies the user handling of samples and chemicals (Ashurst 2003). It has been
demonstrated thatmonolayer films produced from tridecafluetgl,2,2tetrahydrooctyl
trichlorosilane (CECR,)s(CH,),SiCls, FOTS) in lowpressure chemical vapor deposition (CVD)
reactors exhibit very low adhesion energies (Mayer et al. 2000; Zhuang et al. 2007; Knieling et
al. 2007). The results demonstrate high contact angle and low adhesive force for gtihzegeor
SAM coatings. Fluorinated chlorosilane precursors exhibit the besstantitbn capabilities,

however, the effect on the coefficient of static frictionless pronounced than with OTS
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monolayers (Zhuang et al. 2007). Unfortunately, vggase SAM formation requires that
microstructures undergo a dry release process such as critical point drying or vapor HF etching
before receiving the monolayer coating.

Other studies have examined two step processes incorporating multiple SAMs or SAMs
coated with a second material. Bai and Cheng (2008a) coated silicon surfaces with the precursor
3-mercaptopropyl trimethoxysilane (MPTS) and oxidized the terniiS& grou in order to
producei SO;H groups with high chemisorptions ability. Lanthanum thin films were then
deposited onto the MPH®rmed monolayer. The study showed that lanthanum thin films have
lower adhesive force than untreated silicon surfaces and lowéori was attributed to the

strong LaSO; bond.

2.3 Approaches toaddress fiction and wear

It is widely known that friction, on the microscale, is highly dependent upon adhesion
and adhesive forces (BhushB®90b). Therefore, many attempts to alleviatase stiction were
also attempted to reduce friction in microstructures. For instance, studies performed using OTS
and FDTS precursor molecules resulted in much improved coefficients of static friction
conpared to natural oxidized silicon surfaces (see Table. 2.1). These results suggest that
drastically different frictiorrelated properties can be achieved by chemically altering the surface
of microstructures. @thet et al. (1994) also investigated thébricating properties of
alkyltrichlorosilane SAMs on oxidized Si(100) microstructures, finding that the coefficient of
dynamic friction reduced from 0®.7 for SiQ surfaces down to about 0.12 for OTS coatings.
In terms of wear, OTS and other SAM coagis have proven to be a marked improvement over

the wear properties of Sj@oated surfaces. Deng et al. (1995a, b) found that polysilicon wobble
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Surface Water Hexadecane Work of Coefficient Particulate

treatment contact contact adhesion of static formation
angle angle (mJ/m?) friction rate
OTS 11 38 0.012 0.07 High
FDTS 119 68° 0.005 0.10 Very high
SiO, 0-30° 0-20° 20 1.1 --

Table 2.1. Physical property data for various silicon surface treatments (Ashurst et al. 2001a;

Srinivasaret al. 1998a; Srvinivasan et al. 1997; Houston et al. 1996).
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motors coating with OTS SAMs exhibited low wear and good durability by operating for nearly
80 million cycles over a nine month period. However, regardless of this success, the durability
of SAM-coated microstructures and MEMS is still debatable. The need still exists for the
development of amstiction and antiriction coatings for MEMS and microdevices which are

highly durable.

2.4 Tribology of nanoparticle-roughenedsurfaces

Interfacial forces that exist between two relatively smooth microstructures are responsible
for causing adhesion and friction in MEMS (Maboudian and Howe 1997; Maboudian and
Carraro 2004). These interfacial forces are highly dependent on the separateenbsurfaces,
which makes force measurements extremely sensitive to surface contamination (DelRio et al.
2006). For instance, Frantz and Salmeron (1998) discovered a decrease in surface energy for
mica sheets in contact due to contamination on the cyrighich Ohnishi et al. (1999) later
attributed to small nanoparticles left on the surface after the mica cleaving process.

DelRio et al. (2006) later discovered the presence of silicon carbide (SiC) nanoparticles
(20-50 nm in diameter) on cantilever ledest structures that were a result of residual carbon for
sacrificial layers migrating to the polysilicon surfaces. These contamination particulates were
shown to strongly influence the interfacial adhesion of microfabricated structures by altering the
average separation distance of the surface interface. The results of the study illustrated a
decrease in adhesion energy from 8.0 to ®int as theRMS roughness of the surfaces
increased from 2.6 to 10.3 nm. The reduction in adhesion surface enatigipiged to asperity
deformation forces, which Komvopouos (1996) describe as repulsive forces resulting from a

surface contacting the highest asperities of a deformable medium.
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Alternatively, Patton et al. (2008) have investigated the use of nantpdrtjaids
(NPLs) as lubrication for MEMS switch contacts. NPLs are hybrid materials comprised of
inorganic nanosized metallic cores surround by a\®meosity organic corona, which exhibit
liquid-like properties (Itoh et al. 2004; Bourlinos et al. 200bet al. 2005). Studies were
performed using 125 nm in diameter gold nanoparticles, with aboutrancorona of ionic
liquid surrounding the particles, which were spin coated onto gold electrodes. The gold NPLs
demonstrated a controlled nanoscalefem& roughness that not only enhanced thermal and
electrical conductivity of the contacts, but also have atssfing capability in order to prevent
wear of devices. However, these NPLs could have detrimental effects on mechanical
components due to thdiquid-like properties which may exhibit strong capillary forces.

Previous studies on how nasized particulates can reduce interfacial forces by
increasing surface roughness have opened the door for new fundamental research on the use of
nanoparticlesas polysilicon surface modifications. However, the particulates examined by
DelRio et al. (2006) were not intentionally deposited onto the surface of polysilicon cantilever
beams. The SiC nanopatrticles resulted from a side reaction during the miceifabrprocess.
Generally, nanoparticles used for applications are deposited onto materials by means of drop
casting (Collier et al. 1998; Sigman et al. 2004). Drops of dispersed nanoparticles within a
solvent are placed on a surface and allowed to ea#goleaving a film of dry nanoparticles.
Unfortunately, the dewetting process of evaporating a solvent gives rise to capillary forces and
high surface tensions at the liquid/vapor interfaces (Lin et al. 2001; Korgel and Fitzmaurice
1998; Ohara and Gelldal998; Motte et al. 1997; Giersig and Mulvaney 1993) which not only
affect the deposition of particles but will also cause the collapse of microstructures on a device.

Therefore, in order to intentionally deposit nanoparticles onto the surface of MENMIS a
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microfabricated structures, procedures must be used or developed which are compatible with

current microfabrication technologies.

25 Gasexpandedliquid nanoparticle deposition

Several research groups, in recent years, have demonstrated the usexgagaed
liquids as a new, alternative class of solvent. -&gmnded liquids (GXLs) are mixtures of
compressible gases (Gthane) dissolved within an organic solvent (Jessop and Subramaniam
2007). As CQ (or another compressible gas) dissolves into an organic liquid, the liquid volume
expands; hence the tegasexpanded liquid Certain organic liquids, such as metHahexane,
and most other tratibnal solvents, dissolve large quantities of &@d eyand greatly. Fig2.4
illustrates the volume expansion ofhexane by Cg showing that the volume effectively
doubles as the COpressure is increased from 100 to about 700 psi. This expansion
consequently causes significant changes in virtually epémsical property of the organic
solvent, including liquid density, solubility, and viscosity.

Previous studies have demonstrated that organic nanoparticle dispersions expanded
volumetrically by CQ pressurization allow for the sizelective fractionatio (McLeod et al.
2005a; Anand et al. 2005; Anand et al. 2008) and targeted thin film deposition (McLeod et al.
2005b; Liu et al. 2006; Kim et al. 2006) of gold and silver nanoparticles. In order for
nanoparticles to remain stabilized within dispersionsytare generally coated with long ligand
tails which interact with the organic solvent. £® often a very poor solvent for the solvation
such liganecoated particles. Therefore, as a d® dissolved within the liquid solvent, the
solventligand inteactions decrease and particles begin to precipitate once a threshold solvent

strength is reached (Anand et al. 2005; McLeod et al. 200%atdnens et al. 2009 Fig. 2.5
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shows the decline of UWisible absorbance of gold and silver nanoparticles being precipitated
from a hexane/Cogasexpanded liquid. This precipitation process is commonly referred to as
gasantisolvent (GAS) precipitation (Jessop and Subramaniam 2007).

Once nanoparticles have been deposited onto a surface by means eéxpayaied
liquid, the nanoparticle thin film is typically dried by means of supercritical drying. The liquid
CO,/solvent mixture is heated to the supercat regime (much like in B 2.1) and then
depressurized isothermally to avoid crossing the ligpaiplor interface that is experienced during
solvent evaporation. It has been demonstrated that depositing nanoparticles by GXL deposition
followed by supercritical drying allows forider-area nanoparticle films (McLeod et al. 2005a,
b; Liu et al. D06; Hurst et al. 20Q7Kitchens et al. 2009 Fig. 2.6 presents transmission
electron micrographs of decanethsthbilized gold nanoparticles (AuNPs), with an average
diameter of 4.0+ 1.2 nm, deposition by (a) solvent evaporation and (b)-&Panded
hexane/supercritical CQdrying. The particles deposited by GXL exhibit a watea film of
closely packed nanopatrticles, yielding a surface coverage of greater than 60%. By contrast, the
nanoparticles deposited by evaporation exhibit a surface coverage of less than 25%. The
difference in surface coverage, despite the use of identical particle concentrations, is attributed to
the liquid/air interface experienced during evaporation whiallddo the development of highly
concentrated areas of particles in random areas of the sample along with areas sparse of particles.
Particles deposited via gagpanded liquids, however, are free to deposit in a much more
ordered manner, leading to fewBim defects caused by interfacial surface tensions. This
technology would allow for MEMS surfaces to be intentionally coated with particles using

microfabricationcompatible processes without detrimentally affecting the microstructures.
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Figure 26. TEM photographs of gold nanopatrticles deposited on carbated

TEM grids via (a) solvent evaporation and (b) £&panded liquid/

supercritical drying (Hurst et al., 2007).
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2.6 Nanoparticle attachment to self-assembledmonolayers

Due to the unique optical, electronic, catalytic, and magnetic properties of metallic
nanoparticles, considerable recent attention has been devoted to assemble and immobilize such
particles onto solid surfaces (Yonezawa and Toshima 2001; Yamanoi et4). Zjecifically,
such strategies would allow for the immobilization of nanoparticles for electronic applications in
the semiconductor industry. Over the last decade, several techniques have been published for
immobilizing metalbased nanoparticles omgie-crystalline silicon surfaces, typically through
interactions between particles and sed§embled monolayers.

Several recent papers have examined the immobilization of various metallic films on 3
mercaptopropyl trimethoxysilane (MPTS) sasemblednonolayers (Goss et al. 1991; Bhat et
al. 2003; Xu et al. 2003; Wang et al. 2004; Lee and Xia 2008; Ali et al. 2008; Khatri et al. 2008).
Vekarelski et al. (2007) investigating the attachment of silica nanoparticles to MPTS monolayers
on gold surfaces. Me A me r c a-4edntaining)(esdwt theumnolecules readily adsorb and
selfassemble on a gold surface while the silanated ends react with theai@particles like
most silane SAMs react to polished giWafers. This examination also led Vakarelskial.
(2007) to examine the reverse effect: immobilizing gold nanoparticles to MPTS monolayers
deposited on silicon. The study found thatrs® gold nanoparticles readily adsorbed to the
monolayercovered silicon surface, and that particles began tooagghte and cluster on the
surface as the nanoparticle solution concentration increased.

A number of MPTS monolayer studies have also been performed by Bai and Cheng
(2006, 2008a, 2008b). These studies have primarily examined and characterized thgdaibol
properties of MPTS monolayers on singlystal Si(111) surfaces. In these studies, the

investigators digcoated polished silicon samples into an MPTS/benzene solution for various
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periods of time. They found that with increasing deposition tinpe® uoughly 20 minutes the
roughness of the sample (analyzed by AFM) increased rapidly. Deposition times of 90 minutes
or longer experienced no real change in surface roughness, with roughness analysis
measurements of about 0.5 nm compared to 0.144 ni dtean, polished Si(111) surface (Bai

and Cheng 2008b). Although Bai and Cheng (2006) did not attempt to immobilize nanoparticles
onto these MPTS coatings, they did discover that the friction coefficient of the surface was
drastically reduced with SAMeposition time.

Amino-terminated molecular films have also been widely studied for the immobilization
of nanoparticles (Sugimura and Nakagiri 1997; Li et al. 200l Aminosilanes such as
aminopropyl trimethoxysilane (APTMS) and aminophenyl trimethoxgsil{APhTS) have
shown promise for binding free amines to various nanoparticles and molecules to promote
adhesion (Zhang and Srinivasan 2004; Zhang and Srinivasan 2005; Trouillon et al. 2007; Zhang
and Srinivasan 2008).

Majewski and Fuchs (2007) and Wuistend Meijerink (2003), rather than coating
surfaces with SAMs for the immobilization of nanoparticles, coated the nanoparticles themselves
with monolayers. Wuister and Meijerink (2003) synthesized cadmium sulfide (CdS) quantum
dots (26 nm diameter) cama with MPTS molecules. The free silanized ends of the capping
molecules would allow for these nanoparticles to be encapsulated within a silicon shell.
Majewski and Fuchs (2007), on the other hand, cappegr&ifbparticles with MPTS to create
hydrophobc SiO, nanoparticles. Theoretically, these hydrophobic particles could later be
deposited onto metallic surfaces that have an affinity for the free thiol groups.

Bhat et al. (2003) made important discoveries relating to gradients within SAM coatings

andtheir effect on the immobilization of gold nanoparticles. The study involved the-papse
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deposition of aminopropyl triethoxysilane (APTES). A gradient of APTES molecules was
exhibited with increasing distance from the organic precursor source AFRIES concentration
gradient allowed for a gradient of nanoparticle surface number density on the surface. This
nanoparticle number density gradient has the potential to serve a number of applications,

including the texturing of silicon surfaces for impea microstructure reliability.

2.7 Relatedresearchobjectives

The previous works presented in this chapter have opened a door for integrating these
techniques into MEMS industigompatible surface modification processes. Based on these
studies, the fitowing related research objectives are proposed:

1 Integrate the gaexpanded liquid nanoparticle film deposition process for MEMS and
microstructures. Due to the liquid/vapor interface of an evaporating liquid, nanopatrticles
cannot be evaporated onto nastructure surfaces without detrimentally affecting the
structures themselves. Therefore, the use of a GXL process to deposit nanoparticles and
dry the microstructures may help avoid this interface and allowing for a nanoparticle
based surface modificatidhat is compatible with the MEMS industry.

1 Investigate the tribological effects of nanopartibksed surface modifications on
adhesion, friction and wear of microstructures. The tribology of nanoparticles on MEMS
and microstructures is still a fundansally new concept. Therefore, extensive research
must be performed to determine if nanopartlzésed modifications are feasible for the
MEMS industry. Such investigations will include the effect of various nanoparticle

concentrationand the effect of grticle number density on microstructure surfaces.
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1 Examine the effect of immobilizing nanoparticles onto MEMS and microstructures by
means of selassembled monolayersSAMs have already been shown to drastically
reduce adhesion and friction in microstructures with very minimal increases in surface
roughness. By using these monolayers to immobilize nanoparticles on the surface,
adhesion and friction may be further vedd or even eliminated.

1 Examine the effect of superhydrophobic coatings on MEMS components. Couple
durable, nanoparticioughened surfaces with low energy, fluorinated compounds to
create extremely low surface energy surfaces to prevent adhesion and neterfacial
phenomena in MEMS.

1 Begin early stages of examining superhydrophobic surface coatings that couple
nanoparticleroughened surfaces with low energy thin films. Study the effect of surface
roughness and asperity coverage on superhydrophoticenaf the coatings, as well as

the durability of coatings.
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CHAPTER 3

EXPERIMENTAL AND ANALYTICAL METHODS

In this chapter, general descriptionseaperimental methods and analytical measurement
techniques argresented andliscussed. The experimental methods discussed include the
synthesis and precipitation of gold nanoparticles, silicon substrate cleaning and preparation, and
tribological testing. Analytical tools described in this section include film cleniaations

methods, microscopy techniques, and a test for durability utilizing water erosion.

3.1 Gold nanoparticle synthesis

Dodecanethiektabilized gold nanoparticleare synthesized by a twwhase liquid
arrested precipitation process similar to that of Sigman et al. (2004).-nil 8§ueous solution
containing 0.38 g hydrogen tetrachloroaurate was combined with a solution of 2.7 g of the phase
transfer catalyst tetowtylammonium bromide in 24.5 ml toluene. After 1 h mixing, the aqueous
phase was removed and discarded, leaving an organic phase containing gold ions. The organic
solution was then combined with a-80 aqueous solution containing 0.5 g NaBwhich
redwced the ions ground state gold atoms. The mixture was then mixedl@h&o allow for
particle formation and growth before the aqueous phase was discarded.m 2#01-
dodecanethiol was then added to the organic solution and mixed for 4 h in ok &nd

stabilize the gold nanoparticles. The nanoparticle dispersion was then centrifuged with equal
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parts ethanol at 4500 rpm for 5 min to rinse the particles of excess thiol and reducing agent
molecules. After repeating the centrifugation step sevena¢s, the nanoparticles were
dispersed and stored inhexane. This particle synthesis route produces polydisperse gold
nanoparticles with an average diameter of about 5 nm. All chemicals were purchased from Alfa

Aesar (Ward Hill, MA).

3.2 Gasexpanded Iguid particle precipitation and supercritical drying

Within a large beaker of hexane, one test device chip consisting of tribological test
microstructures (or one clean singlg/stalline silicon wafer), was carefully placed upstisvn
on top of a 1.6nm thick, 9.5 mm I.D. stainless steel washer inside of -anh® deep, 14-3nm
diameter glass vial. Samples were placed updaden to avoid the deposition of large particle
agglomerations thatan no longer remain dispersadd fall onto the sample surfaceiedto
gravity, as shown in Fig. 3.1. This phenomenon will be discussed further in a subsequent
section. The complete glass sample vial setup is illustrated in Fig. 3.2. This glass vial setup was
then removed from the hexafibed beaker, and hexane waarefully removed to a level just
above the sample surface without allowing air to contact the samplem &5concentrated
AuNP dispersion (in hexane) was then added to the vial and carefully mixed. The sample vial
was then placed inside a -8t stanless steel higipressure vessel, equipped with a quartz
viewing window, a resistive temperature detector (RTD), heating rope, and pressure gauge. To
prevent the rapid evaporation of the organic dispersion, approximatelyi4dfOpure hexane
was addedlangside the sample vial to saturate the vessel headspace with organic vapor prior to
sealing the vessel faceplate using Teflonngs. The complete experimental apparatus is

illustrated in Fig. 3.3.
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Figure 3.1. Optical microscope photographs itatshg deposition of
large, oily particle agglomerations; (a) 20X photograph of AUNPs
deposited on Si(100) with sample surface facing upwards; (b) 20X

photograph of AUNPs deposited on Si(100) with sample

surface upsidelown.
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Figure 3.2. Sidand top views of the glass sample vial used for GXL particle deposition.

48



High Pressure
Vessel  Syringe Pump B

N

Syringe Pump A

CO, Cylinder

Figure 3.3. lllustration of the GXL particle deposition experimental setup including a

photographic image of the stainless steel {pgkssure vessel.

49



Once the high i@ssure vessel was sealed, the chamber was pressurized witto CO
approximately 23 bar at room temperature €2, in equilibrium with a 500nl Teledyne ISCO
(Lincoln, NE) piston syringe pump. The chamber was then slowly pressurized, by setting the
pumpflow rate between 0.2 and 0.6 ml/min, up to the vapor pressure of the gas (ca. 58 bar at 22
°C). During pressurization, GQlissolved into the organic phase, effectively expanding the
volume of the liquid mixture and reducing the strength of the orgati@nt. This reduction in
solvent strength reduces the steric stabilization of the nanoparticles. Once the solvent strength
was diminished below the threshold for stabilization, the particles began to precipitate out of
solution. Dodecanethidgtabilizzd gold nanopatrticles in the size range of 3 to 7 nm typically
precipitate within the pressure range df38to 55.2 bar (McLeod et al. 2Zalf).

Pressurization continued until the entire vessel chamber was filled with liquigd CO
dissolving the organic solvent. The liquid mixture was heated isochorically® #®achieve a
supercritical state. The chamber was then flushed with several volumes of pure supercritical
CQO; (at 40C and ca. 90 bar) at a rate of approximately O//im to ensure the removal of the
organic solvent. Following the purge of pure supercritical,,C®e chamber was slowly
depressurized (at 4TC) by venting to the atmosphere (through a water bubbling system), and
the dry, nanoparticleoated sample wascovered.

Achieving the supercritical state is essential for the drying of the patrticle films and device
chips. It provides a pathway from the condensed liquid phase to the vapor phase without
crossing over the liquigtapor interface boundary. By avaid an interface, dewetting effects
and capillary forces that can detrimentally affect both the quality of the particle film and
microstructures are eliminated. Fig. 3.4 illustrates the pathway of the nanoparticle deposition

process and drying onPdiagams. Fig. 3.4(a) represents the liquapor (L-V) transition of
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CO, (calculated using PerAgobinson equation of state), including the pure, Cfitical point
and the binary mixture critical point of G@nd hexane. In the figure, the operating critical
point for the C@hexane binary mixture (0.991 G@ole fraction) was estimated by performing
a besffit analysis to available experimental data (Liu et al. 2003).

In this work, the mole fraction of hexane in gystem was about 0.01 (0.8®I% CQ).
The labeled triangles represent the process conditions beginning at the initial condition A at 22
°C and atmospheric pressure. State B represents the endpoint of the isothermal pressurization up
to ca. 58 bar. Heating to A€ increases the pressuie ca. 90 bar, state C, which is in the
supercritical regime for a 0.009 mol% hexane binary mixture. Flushing of the system with
several vessel volumes of pure supercritical, @& 40 °C and 90 bar) removes the excess
solvent and returns the critical poito that of pure C®as shown in Fig. 3.4(b). From state C,
isothermal depressurization is now neetledafely reach state D (4C, atmospheric pressure)
without crossing the liquidapor phase boundary, effectively preventing dewetting and capillary

effects.

3.3 Silicon substrate and tribology chip preparation

Prior to the deposition of any films on silictkased substrates or the testing of films on
tribology chips, the samples first required cleaning and preparation techniqtiasSi(600)
wafers University Wafer, Boston, MA), diced into 1 x 1 cm squares, were used agmistty
film characterization. These silicon wafers are initially coated with a rough natiyéa$&d. In
order to prepare a smooth, uniform gifayer, the silicon substre$ were first cleaned by
immersion in HF (49%, Fisher Scientific) for 10 min which etches away native f&i@ the

surfaces leaving behind hydrogrminated silicon. The samples were then copiously rinsed
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with DI water and dried under a stream of nitrogen. Substrates wersuibiected to @plasma

at 25 W and 260 mTorr (Ppartial pressure for 5 min which allowed for a uniform, thin layer of
SiO, to form on the surface. The two steps were then repeated to ensure the formation of a very
uniform and smooth SiOlayer. This peparation method also serves to remove any residual
organics from the silicon surfaces. Following this cleaning step, the samples were washed with
DI water and dried under a stream of nitrogen gas.

In the case of silicon or polysilicon microstructurasd tribology chips, the pre
fabricated devices required a releasing procedure which would remove sacrificial layers and
release the test structures. First, the sacrificial layers were etched in a 1:1 (v/v) HF (49%
wt%)/HCI (36 wt%) solution for varyingimes depending the fabrication process and the
sacrificial layer thickness. The chips were then rinsed by a serious of DI water rinses, without
being exposed to ambient air, until the residual HF was effectively removed and the pH became
neutral. Next, e chips were transferred to a 1:2:12 (v/viv) QH (30 wt%)/HO, (30
wt%)/H,O fidescummi ngo s 6d. dhis solution cleaned thel device chipsland
facilitated the formation of a very thin, uniform SiCayer. After being submerged in the
Adscummi ngo solution for about 15 minutes, t |
H.O, heated to 70C and then rinsed with DI water until the pH once again became neutral. The
chips were then rinsed with electronic grade isopropanoharmekaneand then stored in vials

of n-hexane until they could be supercritically dried for analysis.

3.4 Tribology chip actuation and testing
Tribology chips are fabricated microstructure chips that contain devices to measure

various tribological properties such asrk of adhesion, coefficients of friction, stiffness, and
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resonance frequencyln this work, two different tribology chips were used to analyze the
effectiveness of nanopartieased surface modifications and coatings. Polysilicon tribology
chips fabrcated at Sandia National Laboratories (Albuquerque, NM) were utilized to measure
apparent work of adhesion via-jplane cantilever beams. Tribology chips were also fabricated
in-house with silicorortinsulator (SOI) wafers which produce very smooth Sijl@eplane
surfaces. These tribology chips includeeplane cantilever beaméjction testersand mass
resonance frequency testers. The following subsections will describe the tribological devices

used in this work and how they are actuated to quaiiitiiyproperties.

34.1 In-plane cantilever beans

Release and ase stictions typically characterized and evaluated by a commonly used
cantilever beam array (CBA) technique (Mastrangelo 1997; Mastraagdléisul992; de Boer
and Michalskel999; Jensen et al. 2001; Ashurst et al. 2001b). Cantilever beams are very
mechanically simple structures which are easily fabricated bycauriecromachining methods.
Fig. 3.5 presents a cantilever beam array fabricatefaatdia National Laboratoriesing their
standard surface micromachining process called SUMMI{ Yde Boer et al. 1998). This
particular CBA consists of 18m wide and 2.5rm thick cantilever beams with one anchored
side and one frestanding side. The beams range in length fr&d@ fo 900mm (50 mm
increments) and rest aboutrth above the underlying substrate.

The CBA presented in Fig. 3.5 is actuated electrostatically by placing tungsten probe tips
to the ground and actuation pads. By applying a voltage to the actuatiomeheatns in the
array begin to deflect towards the substrate. Each beam initially makes contact with the substrate

at the tip and, with increasing applied voltage, will make increased contact based on the overall
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Figure 3.5. Polysilicon uplane cantilever beam array fabricated by

Sandia National Laboratories.
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beam length. This means that for a given electrostatic load longer cantilever beams will exhibit
higher real contact areas with the underlying substrate than will shorter beanigs Wwork,

these polysilicon CBAs were actuated by increasing the electrostatic load from 0 to 120 V in 10
V increments, followed by an unloading in 10 V increments back to the 0 V (unloaded) state.
Following this actuation, it could be determined whichntdaver beams were permanently
adhered to the substrate.

CBAs were also fabricated -tmouse on SOI wafers which, due to the very smooth
Si(100) inplane surfaces, exhibit much greater adhesion. Fig. 3.5 presents a CBA comprised of
1000mm long cantilever beams with nominal widths and thickness oim®0and 2mm,
respectively. In this case, the cantilever beams in the SOI CBAs were actuated manually by
carefully pressing down on individual beams with a very fine tungsten probe tip.

Following actuation, long working distance interferometry was performed using a
modified EM Optomechanical 622A interferometer in order to quantify the adhesion of
cantilever beams. Interferometry procedures allow for the conversion of pixel intensiig ve
pixel position into vertical beam position versus horizontal beam position data with an accuracy
of about 10 nm (Hariharan et al. 1987; de Boer and Michalske 1999). Fig. 3.7 presents an
interferogram of a CBA illustrating how various beam shapesbeaobserved based on the
interference fringe pattern. From such images, experimental beam profile data can be extracted
as shown in Fig. 3.8. From this experimental data, the apparent work of adhesion between the
substrate and the adhered cantilever Is2aan be quantified using a new method discussed in

Chapter 4.
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Figure 3.6. 1000m long CBA fabricated on an SOI wafer with

very low inplane inherent roughness.
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Figure 3.7. Interferogram illustrating various interference fripagerns.
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Figure 3.8. Example of experimental beam profile data collected via interferometry.
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3.4.2 Friction testers and mass resonators
The SOl tribology chips also consisted of devices used to measure static coefficients of

friction (/m) and resonance frequendy)( Fig. 39 presents a sideall friction and adhesion
tester. When the larger of the two comb drives is actuated, a normal force is appliest the
surface ofa small tab(see inset) The second comb drive then appliesaagentialfrictional

force by rubbing the two components. The known applied normal fofcand the frictional

force F), between the two contacting surfacase quantified interferometrically combine to

give thecoefficient of static friction following:

_F
m=y (3.2)

The frictional force is determined using a stgtlp technique that occurs when the force caused
by the tangential comb drive can overcome the friction and adhesioeddayishe normal load.

Fig. 3.10 presents a mass resonator which is used to quantify additional mass that has
been added to the device chips. Inmeof this work, these devices were used to quantify the
coverage or number density of hanoparticle cgatinThe resonators are actuated by applying a
voltage to each comb drive. The middle beam of the device begins to resonate and the resonance
frequency is measured. Based on changes in the mass frequency, the total effectivgniass (

calculated fdbwing:

fo=— |—x (3.3)

wherek, is the material spring constant.
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Figure 3.9. Image of a sideall static friction tester. Inset depicts a normal foide (

acting on a moveable structure.
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Figure 3.10. Image of a mass resonator device.
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3.5 Contact angle analysis

The hydrophobic nature of deposited films on silicon substrates was analyzed using a
RameHart Instrument Co. standard goniometer (model-@®Q15). Fig.3.11 presents a
photographof the goniometer setup. The setup consists of a CCD digital camera, a backlight
source, a moveable sample stage, and a liquid injection syringe calibrated to deliver controlled
liquid drop sizes to the sample surfaces. The contact angle is the aagielaa liquid/vapor
interface (typically the water/air interface) meets a solid surface. The contact mechanism arises
from the thermodynamic equilibrium between the three phases present: the droplet liquid phase
(L), the solid substrate phase (S), dhe ambient vapor phase (VFig. 312 illustrates how the
contact angle arises from the interfacial energies existing between all three phases present (Kwok
et al. 1997). Following the Young Equation, given l§izqgn. 34), the contact angleg) can be

calculated from the surface energies present at the-gmidr interface gv), the solidliquid
interface ), and the liquievapor interfaceqy) (Zisman 1964)
Giv COSGc = Gsy - Gs. - (34)

DROPimage software developed by Raheat images liquid droplets on the substrate
surfaces (in ambient conditions) and profiles the droplet to measure the angles of contact. Fig.
3.13 presents a screen shot depicting a water droplet on a@aléd substrate yielding a mean
contact angle ol05.5. Hydrophilic surfaces which have high surface energies will result in
water contact angles 20°. SiQ, surfaces are very hydrophilic and will often result in contact
angles that are unreadable because the water droplet completely wets the ssufé@ees with

lower surface energy and exhibit hydrophobic nature will yield contact angles of aBout 90
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Figure3.11. Photograph of a Ranrktart standard goniometer for contact angle analysis.
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Figure3.12. Definition of the conta@ngle given by vectors representing the

interfacial energies between the solid, liquid, and vapor phases.
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Figure3.13. Screenshot from DROPimage software depicting the

measurement of contact angles.
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3.6 Ellipsometry

A Rudolph Researcéllipsometer equipped with a 1 mW (max) HeNe laser and Auto EL
lll software was utilized to measure the thickness of ,S&hd organic thin films
Electromagnetic radiation emitted from the laser light source impinges the reflective sample
surface and reflected radiation passes to an analyzer and detector, as illustrateB.¥.Fig.
From the reflected radiation, the ellipsometer measures fileetren amplitude ratioy() and the
phase shift D) (Ohlidal and Franta 2000). The ellipsometry software then models these two
parameters, using the refractive index (n) of the film, to determine the film thickness by an
iterative procedure. In this wiarthe refractive index of Sikoand organic SAM films are both
equal to 1.463. Therefore, to accurately measure the thickness of deposited SAMs, on SiO
coated substrates, reference SiDicknesses must also be measured to correct the SAM
thickness measament data. The Auto EL Il software can measure film thicknesses between
ranging from 10 to 3.0nm with an accuracy af3 A. The repeatability of the system is within
1%. In addition, if the approximate film thickness or refractive index is knowrsdftware can

iteratively calculate both optical properties as long as the initial guess is within reasonable range.

3.7 Fourier transform infrared spectro scopy

Infrared spectroscopy studies the interaction of infrared light with a surface. Fourier
transfom infrared spectroscopy (FTIR) splits the beam of light, measuring the optical path
difference between a direct beam and a beam reflected from the sample. The resulting data
produces a spectrum typically in the wavenumber range between 400 and 4b0atemuated
total reflectance (ATR) is a specialized FTIR technique which is typically used to obtain the

spectra of solid, liquid and thin film samples. ATR utilizes a crystal made from an infrared

67



Light source Detector

Polarizer Analyzer
Compensator Compensator
(optional) (optional)

Sample

Figure3.14. lllustration of a light source inmqming a sample

surface and reflecting to the ellipsometer detector.
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transparent material, such as zinc selenide (ZnSe), with a high refractive index. When the
infrared beam is lined up with the proper angle of incidence, the beam passes into #harmdyst

then bounces between the highly refractive crystal surfaces before exiting the other side towards
the detector. Fig. 35lillustrates the total internal reflection of an infrared beam through an ATR
crystal. A solid or liquid sample can be placgdone (or both) of the ATR crystal surfaces, as
shown in Fig. 3.%. As the infrared beam penetrates the crystal surfaces, an evanescent wave of
radiation is created, which penetrates a short distance beyond the crystal surface. This
evanescent wave then contacts and interacts with the sample. Infrared radiation is absorbed by
the sample and the infrared spectrum is detected when two spliethivaams are compared.

The interactions detected by ATIRIIR correspond to various resonant frequencies
which match the vibrational frequencies of specific bonds. Such vibrations between atoms
include symmetrical and asymmetrical stretching, rocking,\@agging. Each type of vibration
can be detected at varying wavenumbers. For instanekest@tching modes can be detected in
the 28003400 cni region while GH bending peaks are found closer to 1000'cnfig. 3.16
presents a chart of wavenumbelisstrating where particular bond energialssorbinfrared
radiation. Based on this information, it is possible to analyze samples to determine what atoms
or molecules are present, if reactions have taken place, or determine if any additional changes in

chemistry have occurred.
3.8 Microscopy

Various microscopy methods were utilized in this work to analyze nanoparticles and

nanoparticle films on various substrates. Along with basic optical microscopy at magnifications
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Fig. 3.15. Schematic of anfrared beam penetrating an ATR crystal, undergoing total internal

reflection, and exiting the crystal towards the detector.
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Fig. 3.16. Chart giving approximate wavenumber regions for various types of bonds.
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of 10X and 20X, such techniques as transmission electron microscopy (TEM), scanning electron
microscopy (SEM) and atomic force microscopy (AFM) were also utilizede foHowing
subsections briefly discuss these advanced microscopy techniques and how high resolution

imaging is achieved.

3.8.1 Transmission electron microscopy

The transmission electron microscope (TEM) is related to the common compound light
microscope, withthe exception that it takes advantage of shorter wavelength illumination
emitted by an electron beam (Watt 1997). Images are produced by transmitting an electron beam
through a very thin sample. As the beam interacts with the sample, depending mpérags
and the chemical makegp, electrons will adsorb onto the sample surface while electrons
surrounding the sample pass straight through. This interaction between the electron beam and
the thin, solid sample creates a transmitted beam which comtéonsation about the electron
density and the phase of the object. This information is utilized to create an image of the sample
which is typically recorded by taking a photograph of the imaging surface. Figp&4dents a
schematic drawing of a tramsssion electron microscope.

Following imaging, the collected photograph negatives are digitally scanned and
analyzed via imaging software. Setting the scale of the images and sizing of particles or other
samples in the scanned TEM images is done ubmageJ software following a procedure
developed by Kitchens (2004). The scale of scanned images is set using Eqn. (3.5),

Mds

a= 3.9362 10°® (3:5)

wheredis the scale resolution (pixels/nifor image analysisds is the scan resolutio(pixels),

andM is the magnification of the image. Figl8presents a scanned TEM negative film of
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Figure 3.7. Schematic diagram of a transmission electron microscope (Watt 1997).

73



Figure 318. TEM image at 100,000X of Rthnoparticles.
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palladium (Pd) nanoparticles deposited onto the thin TEM sample holder imaged at a
magnification of 100,000X. The scale resolution, using Eqn. (3.5), for a 100,000X TEM image
scanned at a resolution of 720 pixels is 2.834 pixels/nrtin§¢his scale in the software makes

it possible to accurately size samples in the image, such as spherical nanoparticles shown in Fig.

3.18.

3.8.2 Scanning electron microscopy

Scanning electron microscopes (SEM) impinge a sample surface with &reghy
electron beam which scans across the surface is a-tgstepattern. The impinging electron
beam, after penetrating the sample surface, produced secondary electrons aschibacd
electrons containing information about the chemical mgkand topogphy of the sample to a
detector. These signals result from the atomic interactions that occur at the sample surface.
SEMs are capable of producing images up to 500,000X magnification with a resolution revealing
details of less than 1 nm. Figl19.presents a schematic diagram of a typical scanning electron
microscope.The small, scanning electron beam allows for titheeensional imaging as shown
in Fig. 3.2, which presents an SEM image of a singidled carbon nanotube (SWNT) forest
(Hata et al 200). For the purpose of image analysis using Image J, a relation for the image
resolution (pixelsim) yields a linear relationship with the magnification of the SEM instrument
following:

d=0.010eM (3.6)

wheredis the scale resotion (pixelshm) andM is the image magnification.

75



Electron gun

Gun alignment coil ~j——f ©

=
Zoom condenser N =
lens
_Objective aperture
—
e - -
Scanning coil © D_ Pneumatic air lock valve
\ -~
\a . .. g
|
CF mini-lens .
T d
Backscatter -+~ 4

electron

detector \ \‘ [

9] Y
Service port \ Pre-evacuation
for WOS \Pspecimen

I

T

: chamber
i Specimen chamber sildiierml
(_) eucentric
! | I goniometer stage

Figure 3.19. Schematic illustration of a scanning electron microscope (Watt 1997).
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Figure 3.20. SEM image of a carbon SWNT forest (Hata et al 2004).
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3.8.3 Atomic force microscopy

Atomic force microscopy (AFM) is a type of scanning probe microscopy (SPM) which
allows for extremely higiiesolution imaging of surfaces. The AFM can image surface features
at the nanoscale by information gathered while scanning the surface with a io@cheobe.
The AFM utilizes a cantilever with a small probe tip at its end which is used to scan the surface
of a specimen. When the tip is brought into proximity of a sample surface, forces between the
tip and the sample lead to a deflection of thetitmrer. The deflection is measured by a laser
reflected from the cantilever tip to a photodiode detector. A feedback mechanism is employed to
adjust the tigo-sample distance while scanning in order to maintain a constant force between
the tip and sanip in order to avoid collisions between the probe and surface topography which
may exist. A simple schematic diagram of this feedback scanning process is illustrated by Fig.
3.21. AFM imaging holds the advantage over SEM imaging of topographically n@@pin
surface at a high resolution comparable to TEM imaging, without requiring arhigtraracuum

environment.

3.9 Water erosiondurability testing

Typical techniques for quantifying the durability of thin films utilize probes which
scratch the surfacavhile measuring the force required remove the film from the substrate
materid. However, such measurements either require specialized equipment or time and money
to outsource samples to a third party. In order to quantify the durability of thin filrgsin
work, a unique water erosion technique was employed which correliagesly with scanning
indenterprobe wear dataThe water erosion testingas performed by dropping water at a rate

of approximately 2 dropger seconanto a 45 inclined surfacdrom a height of 18 inAt this
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Figure 3.21. Schematic diagram of AFM scanning feedback process.
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